UNCLASSIFIED

AD NUMBER

ADB006024

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
only; Test and Eval uation; JUN 1975. O her
requests shall be referred to Air Force Flight

Dynam cs Laboratory, FA., Wight-Patterson AFB,
OH 45433.

AUTHORITY
affdl Itr, 22 aug 1979

THISPAGE ISUNCLASSIFIED




THIS REPORT HA- a&su-aaasﬁ;fg%
AN CLEARED POK FUBLLE RELEABE
UNDCR Dob pwective 5200,20 AN
KO RESIBICTIONS ARE IMPOSEY SPON

PTE USE AND DISCLOSURE ,

DISTREBU! (0N STATEMERT &

APPROVED POR PUBL I RELBASE;
DESTRIBGTION UNLIMEPED .




e et s e

,
T

06024

ADB 0O

e

AFFDL-TR-75-69

DEFINITION STUDY FOR AN ADVANCED FIGHTER
DIGITAL FLIGHT CONTROL SYSTEM

MCDONNELL AIRCRAFT COMPANY £
MCDONNELL DOUGLAS CORPORATION
Saint Louis, Missouri 63166 ¢

June 1975
Technical Report AFFDL-TR-75-59
Final Report for Period March 1974 - May 1975

Distribution limited to U.S. Government agencies; test and evaluation;
statement applied June 1975. Other requests for this document must be re-
ferred to Air Force Flight Dynamics Laboratory (FGL), Wright-Patterson Air
Force Base, Ohio 45433

Prepared for

Air Force Flight Dynamics Laboratory
Air Force Systems Command
Wright-Patterson AFB, Ohio 45433

| g rer——

S ' Q.
: Al
iy QO
P =
G

[ I

<

SR s




S i

g L 1 b1 P

rd

¢ . NOTICE

When Government drawings, specifications, or other data are used for
any purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the
government may have formulated, furnished, or in any way supplied the
said drawings, specifications, or other dzta, is not to be regarded by
implication or otherwise as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission to
manufacture, use, or sell any patented invention that may in any way be
related thereto.

In addition, the holder of this document should not conclude that its
content represents official government positions or reflects future
governmeni plans.

Copies of this report should not be returned unless return is
required by security considerations, contractural obligations, or notice
on a specific document. &
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FOREWORD

This report was prepared by McDonnell Aircraft Company, St. Louis,
Missouri, under Air Force Contract F33615-74-C-3047, the Air Force Flight
Dynamics Laboratory, Wright-Patterson Air Force Base, Ohic. The program
was jointly directed by the Air Force and Navy. The Air Force program
manager was Mr. W. G. James, AFFDL, Flight Control Division, Wright-
Patterson Air Force Base, Ohlio; the Navy deputy program manager was
Mr. C. R. Abrams, Naval Air Development Center, Warminster, Pennsylvania.

In addition, evaluation pilots and technical support personnel were provided
by the Aeronautical Systems Division, Wright-Patterson Air Force Base, Ohio;
Air Force Flight Test Center, Edwards AFB, California; Kirtland AFB,

New Mexico; Naval Air Station (VF-124), Miramar, California; Naval Air Test

Center, Patuxent River, Maryland; and Randolph AFB, Texas.
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1.0 INTRODUCTION AND SUMMARY

This report presents the results of a Definition Study for an Advanced
Fighter Digital Flight Control System. A synergistic combination of flight control
capabilities and extensive crew system integration was defined through a series
of studies and simulations and evaluated by service pilots in a comprehensive
simulation program. Significant improvements in tactical effectiveness with reduced
pilot workload were found.

Customized flight control modes were designed for specific mission segments to
provide enhanced tactical effectiveness. The capabilities for relaxed static sta-
bility and both direct 1lift and direct side force control were incorporated into
these customized control modes. In addition, provisions were included which enable
flight at high angles-of-attack without the danger of aircraft departure or over-
stressing.

Crew system integration was accomplished to give capabilities never before
present in a fighter aircraft while at the same time reducing pilot workload and
required instrument panel area. Head-up and multi-function displays were provided
for presentation of data keyed to the flight control mode selected and needed by
the pilot to accomplish his immediate objective. Hands-on-stick-and-throttle weapon
and mode control were provided for all tasks requiring rapid access. A flight
management capability was implemented to provide for position fixing, flight plan
management, airport approach and departure procedures, and electronic warfare data
required to support tactical fighter operations. The flight management implementa-
tion also provides a fully antomatic three dimensional area navigation system
capable of navigating directly between any two points as well as on airways, SIDs,
STARs, and RNAV routes. A computer and display controller was included which
demonstrated a simple and effective means of communication between the pilot
and computers. The flight management computer, rather than the pilot, performs
navigation sensor management, such as frequency selection and initialization.

These flight management characteristics have provided a significant step toward
enabling the pilot to become a mission-oriented manager rather than a subsystem
operator.

Fly-by-wire (FBW) controls have been the catalyst that make the above advance-
ments possible, and digital technology provides the flexibility and computational
capacity to implement these capabilities in a cost-effective manner.

The Definition Study for an Advanced Fighter Digital Flight Control System is
a joint Air Force and Navy exploratory definition study performed by McDonnell
Aircraft Company (MCAIR) as prime contractor to the Air Force Flight Dynamics
Laboratory (AFFDL) to consolidate the large amount of general foreground research
in digital flight-control and display technology. General Electric, Honeywell,
Lear Siegler and Collins supported MCAIR in the analyses and simulations associated
with this program. This study is a precursor to an Advanced Development Program
(ADP) to accomplish flight validation of the design criteria and the performance
and cost advantages promised by these technologies when applied to advanced tactical
fighter aircraft.
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The objectives of the Digital Flight Control System (DFCS) Definition Study
are:

o Derive and Evaluate for Advanced Air Force and Navy Tactical Fighters:
o Custom Multimode Control Laws (matched to segments of a tactical mission)
o Displays Pertinent to Each of the Multimodes
o Multi-Channel Digital FBW Configurations

o Develop New Performance - Cost - Time Options

o Define Candidate Flight Control and Display Schemes

o Define a Recommended ADP Configuration

The Precision Aircraft Control Technology (PACT) configuration of F-4 S/N 62-12200,
modified to include differentially controllable canards, was used as the "test

case” aircraft, Figure 1, for analytical and simulation efforts during this study.
The conceptual design of the Digital FCS is for a single-place fighter having the
capability of performing Air Force and Navy mission tasks defined by a l4-segment
Mission Scenario, Figure 2. The scope of the cockpit controller and display study
and other integration effort was limited to include only those functions which are
flight control related. Other controllers and display functions such as those relat-
ing to Communications, Armament, and Engine Instruments were excluded. The overall
approach utilized by MCAIR in performing this study is depicted by Figure 3.

Bemettntsn s
Air-to-Air issiles A

Air-to-Air Guns Attack/
—
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Cruise Refueling
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|

|: Takeoff

\ and

\ Climb

N % Preflight
=t

Descent

SAM Evasion

Figure 2
Air Force and Navy Tactical Fighter
Composite Mission Profile
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A summary of the analytical studies performed and the results of analyses and

simulations are presented in Section 2.0.

A description of the testing and evalua-

tions performed on the design aid, advanced fighter mockup and man-in-loop simula-

tions is contained in Section 3.0.
Development Program is presented in Section 4.0.

A recommended configuration for an Advanced

Support provided by four companies

under subcontract to MCAIR is described in Section 5.0.

Manual and automatic flight control modes developed, evaluated in simulation,
and recommended for ADP are presented in Figures 4 and 5.




Recommended for
Incorporation Into ADP

Evaluated During
Man-in-the-Loop Simulations

(] Normal(”
e Gear Up: Cruise
e Gear Down: Airfield and Carrier
Takeoff and Landing

¢ Normal
e Gear Up: Cruise
e Gear Down: Airfield Takeoff
and Landing

Carrier Takeotf and Landing
® Air-to-Air Combat

Air-to-Air Combat
e With Planar Turn

e Without Planar Turn e Without Planar Turn

Air-to-Ground Bombing ® Air-to-Ground Bombing

Air-to-Ground Gunnery @ Air-to-Ground Gunnery

e Fixed Canards

DigiPACT(2)
() 1ncludes Operable and Fixed Canards

(2)DigiPACT - Digital Implementation of SFCS-PACT Control Laws
(Provided for Purposes of Comparison)

e DigiPACT(2)

Figure 4
Manual Modes for the ADP
Evaluated During Recommend For
Man-In-T he-Loop Simulations Incorporation Into ADP
e Pitch Attitude Hold e Pitch Attitude Hold
e Roll Attitude or Heading Hold e Roll Attitude or Heading Hold
e Altitude Hold e Altitude Hold
e Preselect Heading ® Preselect Heading
e Automatic Throttle
e Automatic Vertical Navigation e Automatic Vertical Navigation
e Automatic Lateral Navigation e Automatic Lateral Navigation
® Automatic Carrier Landing
Not Evaluated During
Man-In-The-Loop Simulations Available Options For ADP
e Automatic ILS ® Automatic ILS
e Automatic Energy Management e Automatic Energy Management
e Automatic Throttle
® Automatic Carrier Landing

Figure 5
Automatic Modes for the ADP
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A DFCS cockpit arrangement, Figure 6, evolved from an iterative process of

evaluations and refinements of design layouts, mockups, and a full scale design
aid. Features of this arrangement include:

o Principal mission and flight information presented on a Head-Up Display

(HUD) and two CRT Multi-Function Displays (MFD I and 11),
Primary flight controllers mounted on the armrests of the seat,

Redundant Computer and Display Controllers (CDC) for pilot-computer

communications and central control of flight control modes and related
displays, and

Compatibilit& with high-acceleration cockpit concept,

\ Non}nli Flight Mode

Air to Air \— Primary Flight
Mode Select Controller

Figure 6
Cockpit Arrangement of Mode Related Displays
and Controllers

Display information requirements and task identifications were determined from
an analysis of the functions required to perform each of the segments of the mission
scenario. Pilot workload was a factor of major consideration in the partitioning
of display information and assignment of tasks for flight management. A comparison
was made of pilot workloads calculated from data obtained during static and dynamic
evaluations, for the DFCS and an Advanced Fighter currently in Air Force inventory.

Figure 7, shows that the DFCS configuration resulted in a reduced workload for
each of the seven segments simulated.
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| DFCS vs Advanced Fighter {
; A general-purpose fighter control law (DigiPACT) was used for purposes of
comparison during man-in-loop simulations to determine the relative effectiveness 5
of the customized DFCS control laws. Results obtained show that the pilots ]
ability to perform specified mission tasks was enhanced when using the customized ‘

DFCS control laws. A sample of these tracking results is illustrated in Figure 8
for the customized air combat mode (ACM) and the general purpose DigiPACT mode.

dion

Tracking Figure of Merit
(FOM) Results

M AN NS SIS

ACM Mode:  0.43|

DigiPACT Mode: 0.31 |

T; = Target Time
within Ring i

T = Total Tracking Time = 8 sec

; 25MR Reticle  g<FOM<1 |
1 (Dashed Line)

Figure 8
Integrated Control Law and Display Simulation
Representative Air-to-Air Combat Effectiveness Data




A triplex flight control system is recommended for evaluation in an ADP on the
basis of studies conducted on six initial configuration candidates, Figure 9. A
more detailed description of each configuration candidate is contained in Section
2.12. Comparative results of studies for the three "sound candidates" are shown in
Table 1. These comparisons show that the triplex configuration features:

o Lowest weight o Good reliability

0 Best maintainability o Lowest cost

Initial Candidates

Quadruplex DFCS
® Comparison Monitored

Three Sound Candidates

Triplex
® Comparison Monitored
® In-Line Monitored

Quadruplex DFCS
® Comparison Monitoied
® Area Multiplex

Recommended
DFCS
Configuration

Triplex

® Comparison
Monitored

® In-Line
Monitored

Simplex DFCS with
Analog Backup

Quadruplex-Triplex-
Quadruplex

® Comparison Monitored
® In-Line Monitored

3

4 [Triplex-Quadruplex D FE’

Triplex DFCS
® [n-Line Monitored

5

Quadruplex
® Comparison Monitored

Triplex DFCS
® [n-Line Monitored
® Area Multiplex

Figure 9
Configuration Development

Table 1
Three Sound Candidates
Summary of Analyses

Reliability

Performance,

Configuration

Safety and
Survivability

(Probability
of Loss of
Control)

Maintainability
(MMH/FH)

Relative Relative

Weight Cost

A
(3-3-3)

B
(4-3-4)

c

35x10~8
23x10~9

39x 1010




A redundancy management scheme was defined to provide protection from loss of
control through use of comparison monitoring to detect first failures and in-line
monitoring to detect subsequent failures. Necessary computer capacity and capa-
bilities to accomplish both the flight control mode and redundancy management
implementation were assessed.

Studies and simulations indicate that mission-oriented flight control laws
integrated with head-up and multi-function displays, hands-on-stick-and-throttle
weapon and mode control, and computer and display controller for pilot-to-computer
communications can provide:

o Enhanced mission effectiveness, with

o Reduced pilot workload.

The demonstrated capabilities of the computer and display controller to provide a
simple and effective means of communication between the pilot and computers suggests
the feasibility for integrating and time-sharing other pilot control functions.
Potential benefits include: more efficient use of panel space, increased pilc*
efficiency, further reduction in pilot workload, and reduced cost of ownership.

It is recommended that the concepts analyzed and simulated during the defini-
tion study be implemented and evaluated by flight testing.

(Page 10 is Blank)
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2.0 ANALYSES

2.1 GENERAL

This section presents a summary of the results of analyses conducted duaring
the Digital FCS Study program by engineers with expertise in many technical disci-
plines. All analyses were designed to produce conclusions generally applicable to
any advanced fighter aircraft. The fly-by-wire aircraft described in Section 1.0
was utilized as a "test case" for application of the results of these analyses.

This section discusses analyses in the following subsections:

o Mission-Scenario Analysis o Analysis of Industry Expertise
o Evaluation Criteria o Software Analysis

o Control T.aw Development o Single-Point-Failure Analysis
o Electrical Backup (EBU) o Safety Analysis

o Pilot Interface o Reliability Analysis

o Displays and Controllers Development o Maintainability Analysis

0o Multiplex Analysis o Effectiveness Analysis

o Lightning Protection o Workload Analysis

o Electromagnetic Compatibility (EMC) o Survivability Aunalysis

o Built-In Test and Inflight Integrity o Cost-of-Ownership Analysis

Management (BIT and IFIM)

o Redundancy Management and/or IFIM
Analysis

1
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2.2 MISSION-SCENARIO ANALYSIS

2.2.1 GENFRAL - A mission scenario was provided to the Contractor by the Program
Office. Simulated takeoffs were performed from an AF facility and simulated
landings were accomplished at both an AF facility and on an aircraft carrier.

The composite mission profile {s illustrated in Figure 2.

" Mission Segments are:

b (1) Preflight (9) Air-to-Air Guns Attack
(2) Takeoff and Climb, AF Facility (10) Aerial Refueling
(3) Outbound Cruise (11) Inbound Cruise
(4) Penetration and SAM Evasion (12) Enroute Descent with Holding
(5) Bomb Delivery (13) Approach and Landing
;i (6) Strafing Pass (a) AF Facility, or
ﬁ (7) Air-to-Air Radar Missiles Attack (b) Carrier Environment
: (8) Air-to-Air IR Missiles Attack (14) Postflight

2.2.2 METHODS - The mission scenario was divided into specific mission segments as
outlined in Section 2.2.1. Each segment was analyzed on a time base to determine
the functions required. An evaluation of each function was then performed to estab-
1ish the information requirements. Tndividual mission tasks also were identified
by further subdividing the functions associated with each mission segment. An
analysis of the mission tasks and the information requirements produced the data
necessary to determine opportunities for time-shared versus dedicated displays and
controllers. This analysis also provided the basis for deciding which functions

! should be automated and which should be done manually. The sequence of analyses is
shown in Figure 10.

! Information
! Reguirements

N
(=)
#

Assign
Information
and Tasks

;_ Figure 10
h Mission Scenario Analysis
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2.3 EVALUATION CRITERIA

2.3.1 GENERAL - A set of properly structured criteria was necessary for evaluating
the change in effectiveness and pilot workload resulting from the incorporation of
multimode control laws and advanced displays. It was desirable that the criteria
selected for thece evaluations be applicable both for use in the analysis, mockup
and simulations performed during the Digital FCS Definition Study and for subse-
quent flight testing to be performed under the ADP. The criteria selected during
this DFCS Definition Study for effectiveness evaluations are expressed in terms

of tracking errors. The criterion for pilot workload evaluations is expressed in
terms of the ratio of time required to perform a task sequence to the time avail-
able for its performance. A discussion of these criteria is presented below.

2.3.2 EFFECTIVENESS CRITERIA - The effectiveness evaluation criteria used throughout
the analysis and simulation phases of the DFCS Definition Study were based on track-
ing error and tracking error statistics obtained during gun-cross ("iron sight'")
tracking. The tracking error statistics consisted of the means and variances of

the tracking error elevation and traverse components. These criteria enable an
evaluation of the capability of the Digital FCS configured fighter aircraft to
deliver its ordnance accurately.

The above effectiveness criteria were chosen in order to maintain consistency
in evaluating the Digital FCS during the analysis and simulation phases of this
study and for their applicability to future flight test data reduction. Although
the fire-control system to be used during flight testing under the ADP may not con-
sist of a simple gun-cross mechanization, the use of tracking error statistics with
a simple "iron sight" can always be used as a basic measure of effectiveness
regardless of the type of fire-control system or weapons that are being considered
for the weapon system. Tracking errors will reflect differences in flight control
system characteristics regardless of fire-control and weapon characteristics.

Examples of the application of these effectiveness criteria to analytical and
man-in-the-loop simulation data for the multimode control laws are presented in
Section 2.19 of this report.

2.3.3 PILOT WORKLOAD CRITERIA - The pilot workload evaluation criterion used during
analysis, mockup, and simulation phases of the Digital FCS Definition Study was
expressed in terms of the ratio of time required to perform the tasks required during
each segment to the time available for their performance. Workload was calculated
separately for visual, right hand, left hand, and information processing. Figure 11
summarizes the pilot workload criteria. This type of workload criteria was used

in conducting the workload analyses in the High Acceleration Cockpit (HAC) contracts
cited in References (1) and (2).

References: High Acceleration Cockpits for Advanced Fighter Aircraft. Contract
No. F33615-73-C~3067. AFFDL, Wright-Patterson AFB, Ohio.

High Acceleration Cockpit Variable Seat/Control Assembly. Contract
No. F33615-73-C~0565. AeroMed Research Laboratory.




® Workload is Expressed as a Percentage:

Time Required to Perform Tasks x 100

W=
Time Available

® Workload is Calculated Separately for Visual (V), Right
Hand (R), Left Hand (L) and Information Processing (IP),
For Example:

't Time Required to Perform Right Hand Tasks x 100

Total Mission Segment Time

® Total Pilot Workload:

Wp=V+R+L+I

Figure 11
Pilot Workload Criteria

To achieve the effective integration of man into the developed configuration,
the principles and criteria of human engineering contained in MIL-STD-1472A, AFSC
DH1-3, MIL-C-81774, MIL-H-46855, and other applicable design criteria, standards,
and specifications were applied throughout the Digital FCS study. The introduction
of a flight management system achieved significant improvements in workload by
establishing a simple and effective means of communication between the flight
management computer and the pilot, by eliminating routine tasks traditionally per-
formed by pilots, and by restructuring the information available for the decision
process. Automation of the flight activities and integration of the flight control
modes with relevant display formats also reduced task complexity and pilot workload.
These flight management system characteristics have provided a significant step
toward enabling the pilot to become a mission oriented manager rather than a subsystem
operator,

The results of the application of this pilot workload evaluation criteria to
the Digital FCS are presented in Section 2.20.
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2.4 CONTROL LAW DEVELOPMENT

2.4.1 INTRODUCTION - A set of control laws was developed for the "test case"
aircraft employing the use of ailerons, spoilers, stabilator, rudder, split hori-
zontal canards, cockpit control devices, and engine thrust. The canards were
collectively operable for pitch and Direct Lift Control (DLC), and differentially
operable for Direct Side Force (DSF) control.

The control laws utilized the advantages of both full-authority digital fly-by-
wire techniques and pilot-essential displays to enhance flight safety, combat
survivability, and mission accomplishment. 1In its modified configuration, the "test
case" aircraft represents an advanced fighter with a mission profile suitable for both
the Navy and Air Force roles. Therefore, the control law design emphasized air
superiority, interdiction, close-air-support, and fleet-air-defense. The control
laws were divided into two major groups; namely, manual (pilot-assist) modes and
automatic (pilot-relief) modes. Those pilot-assist modes developed for weapon
delivery were designed for increased effectiveness; the other modes were designed
for improved handling qualities.

The design approach to developing the control laws was first to establish good
continuous control systems based on classical continuous synthesis and analysis
techniques and subsequently to consider the digitization of the control laws.

The design task was accomplished using small perturbation airframe models in con-
junction with root locus, frequency response, and time history computer programs
which were adapted for this purpose. Section 2.4.2 presents the handling qualities
criteria used in the development of the control laws. Sections 2.4.3 through 2.4.7.
then describe the initial control law design in the continuous form. Following

this initial design, the control laws were evaluated and refined during man-in-the-
loop simulations as discussed in Sections 3.3.1 and 3.3.3.

2.4.2 HANDLING QUALITIES CRITERIA

o MIL-F-8785B o Time Response (riteria

o C* Criterion

o D* Criterion

o Roll Axis Response Criterion
o

Time Response Parameter (TRP)

o Specialized Mode Criteria

As a guide in the development of the DFCS Control Laws, a number of handling
qualities criteria were identified in a literature search and reviewed for appli-
cability to the control modes. These criteria fall into three basic
categories:

o Handling qualities criteria typified by the MIL-F-8785B Reference (3)
handling qualities specification and Reference (@)

"Flying Qualities of Piloted Airplanes," MIL-F-8785B (ASG),
7 August 1969, i

References: a5

4. Abrams, C. R.; "The Effects of Rudder Feedback on the Carrier
Approach Configuration of the F-111B", Report No. NADC-AM-6816,
Naval Air Development Center, Warminster, Pa., 14968.
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o Time response criteria including response envelopes as in.References (5)
and (6), and the Time Response Parameter (TRP) Index from Reference (7), and

System requirements for specialized modes such as the Automatic Carrier
Landing criteria in Reference (8), and the ILS criteria as defined in
Reference (9).

Figures 12 through 14 present the time response criteria envelopes from References
(5), (6) and (7),

Category 11

~ Catagory 111
i Applicable
s Category Tasks

I Ground Attack
C* - Normalized Penetration and
Response — Aerial Combat

08 [ —-""";: Refueling and

Cruise
~
Loiter
Category 11
/ Category 111

1.0 2.0
Time - sec

Figure 12
C* Response Criterion

References: Tobie, H. N., Elliott, E. M., "New Short Period Handling Quality
Criterion for Fighter Aircraft", Boeing Document No. D6-17841 T/N
September 1965.

Kisslinger, R. L. and Wendl, M. J.; "Survivable Flight Control
System Interim Report No. 1 Studies, Analysis and Approach",
Supplement for Control Criteria Studies, AFFDL-TR-71-20 Supple-
ment 1, May 1961.

Abrams, C. R.; "A Performance Index for Response Evaluation of
Highly Augmented Military Aircraft", Report No. NADC-AM~7103,
Naval Air Development Center, Warminster, Pa., 12 October 1971.

"All-Weather Carrier Landing System Airborne Subsystem, General
Requirements for", Report No. AR-40, Naval Air Systems Command ,
1 May 1969. '

FAA Advisory Circular AC 120-29, "Criteria for Approving Cate-~
gory I and Category II Landing Minima for FAR 121 Operators",
25 September 1970. 7




D* Response Criteria

Roll Axis Response Criteria
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Roll Axis and D* Response Criteria

Normalized Pitch
Rate Response

Normalized
Normal

Acceleration
Response

TRPNZ = K2(TdN -0.7)
2

+ K3(A1N -0.3)
2

L-rsz + Kqlry, —0.2)

Time - sec—

-0.5
Time - sec—
Nominal K = 0.08 Correlation ?’etwee: Cooper-Harper Pilot Rating
Values K2=0.5 (PR) and TRP (Abrams)
K3 =03 PR TRP
Kg=0.2 1<PR<35 0.16<TRP<0.23
4<PR<65 0.27<TRP<043
7<PR<10 034<TRP<0.98

Figure 14
Time Response Parameter (TRP)
TRP =TRP§ + TRPNz
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i 2.4.3 MANUAL (PILOT-ASSIST) MODES

o Normal o Manual Carrier Landing

o Air-to-Air Combat
o Fixed Canards
o Air-to-Ground Bombing ‘

o Air-to-Ground Gunnery o DigiPACT

b | Pilot-assist modes were developed to assess the feasibility and desirability

of incorporating into the Digital FCS certain customized multimodes which integrate
vehicle control with mission demands to improve weapon-system effectiveness as
defined in Section 2.3.2. The multimodes provide for enhanced mission effective-
ness in tactical missions such as strafing, bombing, missile launch, target tracking,
aerial refueling, and landing. The modes developed for these missions are the
Normal Mode, Air-to-Air Combat Mode, Air-to-Ground Bombing Mode, Air-to-Ground
Gunnery Mode and Manual Carrier Landing Mode. The TWeaD control laws reported in
Reference (10) were used as a source of control law methodology for these modes.

The results of the multimode studies reported in Reference (1l1l) were also utilir«d.

Two additional pilot-assist modes, the DigiPACT Mode and Fixed Canards Mode,
were included in the study. The DigiPACT Mode is a general-purpose mode (in con-
trast to the previously mentioned customized multimodes) and was employed as a
comparison mode; the Fixed Canards Mode was developed to provide adequate handling
8 qualities (Category 2 of Reference (6)) in the pitch axis in the event of a failure
in the canard control path.

Control laws incorporating active feedback elements which enable direct pilot
. control of aircraft motion were developed for all pilot-assist modes. Pitch rate,
roll rate, yaw rate, normal acceleration and lateral acceleration feedbacks were
utilized to provide control of aircraft rates and accelerations as well as to

damp aircraft response to external environmental disturbances. Sideslip and angle-
of-attack (AOA) signals were also included in the design of some of the modes.

2.4.3.1 Normal Mode

Features
| o Uniform transient response
l o Neutral Speed Stability - Gear Up
| o Improved turn coordination
k| ] o Direct Lift capability
E o Lateral Translation capability

References: 10. Carleton, D. L., et al, '"Development and Evaluation of the
TWeaD II Flight Control Augmentation System", Technical Document
H FTC-TD-72-1, Edwards AFB, California, August 1971,

| 11. Quinlivan, R. P., "Multimode Flight Control Definition Study
j for Precision Weapon Delivery', Technical Report AFFDL-TR-71-39,
! Wright Patterson AFB, Ohio, June 1971.




o Reduced accelerations due to gusts

o Departure prevention

The Normal Mode was designed for use throughout the applicable flight envelope
for takeoff, cruise, and landing, either clean or with stores. 1In addition, it
was used for all mission segments including weapon delivery in the absence of
specialized modes. The design of the Normal Mode included selection of the most
effective feedback variables and use of handling qualities criteria described in
Section 2.4.2 to achieve reduced control system and airframe sensitivity to
variations in flight conditionms. The primary purposes of the Normal Mode were
to:

Function as the principal control law used in up-and-away flight,

To provide a good starting point for the development of the other pilot-
assist modes, and

To provide the basic inner loop stabilization for the specialized pilot-
relief modes.

Longitudinal Axis - A block diagram of the Normal Mode longitudinal axis
control law is presented in Figure 15. The longitudinal control surfaces
are the stabilator and close-coupled horizontal canards geared together
through a canard schedule to provide minimum maneuvering drag. A ''speed-
up" control signal was provided through a washout network to the canard
in addition to the canard schedule signal. The purpose of the "speedup"
signal was to provide anticipation to achieve quicker responses to
longitudinal input commands. Feedback signals consisted of a blend of
pitch rate and normal acceleration. Neutral Speed Stability (NSS) was
provided through the use of integral—plus—proportional control in the
forward path to compensate for the charge in trim requirements due to
changes in aircraft speed and altitude. In order to achieve a satisfac-
tory balance of stability margins and transient response performance over
the flight envelope, the forward loop gain was scheduled with dynamic
pressure as discussed in Section 2.4.5. A Departure Preventer was
incorporated in the design as discussed in Paragraph (c).

A Direct Lift capability which permits small changes in altitude without
changes in pitch attitude was provided in the longitudinal Normal Mode
through a thumb-operated controller on the SSC. The Direct Lift feature
employed the stabilator, symmetrically deflected canards, and symmetrically
deflected ailerons and spoilers. Networks required to decouple the pitch
and altitude responses were designed in an open loop fashion. This
approach to implementing DLC required control network parameter scheduling
since the decoupling networks varied with flight condition and control
surface deflection. Scheduling could be minimized if tasks requiring

DLC were performed at a limited number of flight conditioms. The Normal
Mode control laws had the DLC optimized for refueling (approximately 0.7
Mach at 20,000 ft) and landing.
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The two-slope nonlinear gradient used to transform longitudinal pilot
force inputs into an electronic signal is presented in Figure 16. Two
different sidestick controllers were used in the manned simulation
evaluations and each controller produced the same nonlinear output char-
acteristics as illustrated in Figure 16. Breakout forces were approxi-
mately 1.6 1b. and the small slope near the null force reduced stick
sensitivity for small inputs.

100

Percent of Max
Longitudinal
Command

00 60 80 100

Percent of Max Force Input Above Breakout

Figure 16
Longitudinal Stick Shaping

Figure 17 presents normalized C* responses for the Normal Mode clean
configuration at three well separated flight conditions. Design goals
were to meet the Category II C* boundaries presented in Figure 12. The
TRP index, presented with each flight condition in Figure 17, was com-
puted per Reference (7).
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Normalized C* Responses with TRP index
DFCS Normal Mode




Lateral-Directional Axes - Figure 18 is a block diagram of the Normal Mode
lateral-directional control laws, Lateral-directional control surfaces
are the ailerons and spoilers in the lateral axis and the rudder and
differential horizontal canards in the directional axis. Differential
canards were reserved for Lateral Translation capabilities only. The
lateral axis utilized proportional roll rate feedback. The directional
axis employed washed out proportional yaw rate feedback for yaw damping
and proportional-plus-integral feedback of blended sideslip angle and

Departure
Preventer | Structural To Laterel

Lateral Stick % Filter Secondery

Deflection __g 1 Actuators
0.133 v/deg B i : $/70+1 '(3 deg Aileron)

9 v mex

v
Roll Rete
{deg/sec)

m Angle-of-

Angle-of-Attack & Attack {rad)
{rad) P

! Washout
Yaw Rate Kp F,
(deg/sec) ! (Schedule 1) *

Lateral A 25.76

Accq(l;'r,;tlon 0.18+1

o Kg s+1 Proportional
(dog) ] (Schedule 2) 0.15+1 i
Integrel Structural dd
Al Filter i o
Pedel Force ot 10.0 . . st 1 o A;‘:IL,ZZ'
!glgsvvr{::x 1 0.18+1 33 S S/70+1 i(S deg Ruddur)

v

Dynemic Pressure (q) Kq(T45+1) Ka(T3S+1)
Velocity (V) == T
THS+1 TaSH1
2 e 4 To Cenard

Mach (M)=—¥
t L Actuator

nd r # Differential
10 v max Rudder Leteral Aileron Lateral Deflection

Translation Network Trenslation Network (2 deg/v)
Schedule 2
2.62|

I
Kp 157 L

| |
L A
%0 200 900

Dynemic Pressure, g (psf)

Sohaduls 1

Figure 18
Normal Mode
Lateral-Directional Axes Block Diagram




lateral acceleration. This arrangement provided good dutch-roll damping
and turn coordination during roll maneuvers. Crossfeeds of roll rate
multiplied by AOA (P+a), and of scheduled roll rate error signals as a
function of AOA were provided to further improve turn coordination.
Principal design criteria for these axes were the roll rate and D*
handling qualities criteria (Figure 13) developed in the SFCS program,
Representative Normal Mode lateral-directional roll rate and D% time
responses are presented in Figures 19 and 20.

A Lateral Translation capability was available in the Normal Mode
through a thumb operated controller on the SSC. Lateral Translation
vas used to command small sideslip angles without changing heading or
roll attitude. The networks for Lateral Translation were defined in the
same open loop manner as the DLC networks in the longitudinal axis, thus
the lateral-translation-network Parameters were also scheduled with
flight condition.
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Figure 19
Normalizod__Roll Axis Response
DFCS Normal Mode
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Figure 20
Normalized D* Response
DFCS Normal Mode

The parabolic shaping network used to convert lateral pilot force inputs
into electronic command signals is presented in Figure 21. Included in
Figure 21 is the three-slope gradient used for shaping in the SFCS and
Precision Aircraft Control Technology (PACT) flight test programs, and
retained for the DigiPACT mode.
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(c) Departure Preventer - One of the primary features of all of the multi-
mode control laws is that aircraft motion is the controlled variable rather
than control surface position. A Departure Preventer was included to
prevent the pilot from inadvertently commanding excessive g loads beyond
the aircraft structural limits or from driving the aircraft into uncon-
trollable angles-of-attack. The Departure Preventer modified the
longitudinal and lateral axes control laws as the aircraft load factor,

i AOA and sideslip angle approach control limits so that the limits were

& not exceeded and adequate control was maintained. In the longitudinal

axis, the Departure Preventer functioned by controlling the rate limit of

the prefilter. Measured values of AOA, sideslip angle and load factor
were compared to schedules in the Departure Preventer, and the prefilter

i rate limits adjusted so that the most adverse pilot inputs would not

y cause the aircraft response to exceed the safe limits of the measured

variables. Sufficient authority was given to the Departure Preventer

to permit a change in sign of the pilot input, if necessary, to prevent

b exceeding those safe limits.

-

Statically unstable aircraft such as the "test case" aircraft place

stringent requirements on longitudinal control surface rates. 1f rates 3
are not high enough to permit rapid pilot inputs to be followed, the

effective gain in the longitudinal control loop can be driven to a

reduced value to the point that limit cycle oscillations will occur. For

this reason, the maximum values of the Departure Preventer-adjusted pre-

filter rate limits were set to keep the stabilator from rate limiting

for large, sharp pilot commands.

In the lateral axis, as AOA increased, the Departure Preventer reduced

the roll rate feedback gain until the limit AOA was reached, at which

time the roll rate feedback was reduced to zero and the pilot had direct

proportional control over the aileron surface position. Under this

E | condition, full lateral stick inputs commanded full aileron deflection.
In this way,lateral control was maintained using conventional pilot
techniques without generating possible destablizing signals through the

{ feedback path as roll effectiveness of the ailerons diminishes and yaw
effectiveness increases.

, 2.4.3.2 Air-to-Air Combat — The control laws designed for this mission segment
| provided for rapid and precise maneuvering at all usable combat normal accelera-
' tions, the ability to rapidly minimize lateral offset errors, and the ability
to operate at high AOA with command limiting to preclude loss of controlled flight.
i Two air-to-air combat modes were developed during the NFCS investigations; one was
developed at MCAIR by modifying the Normal Mode and one was developed by General
{ Electric (G.E.).

(a) MCAIR Air-to-Air Combat Mode (AACM)

Features

o Increased roll response

o Improved high AOA performance
o Reduced gust sensitivity

o Increased yaw damping

25
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(b)

The AACM mode control laws were synthesized by modifying the Normal Mode
control laws with the design objectives of providing faster responses and

better air-to-air tracking capability using the effectiveness criteria of
Sectdeon 2.8.2.

Modifications made to the Normal Mode longitudinal control laws were:
0 A reduction in the prefilter time constant for faster response,

0 Replacement of the normal acceleration feedback with an AOA feedback,
and

o Elimination of the DLC capability,

The AOA feedback, with a gain based on the 1ift curve slope, approximated
normal acceleration feedback at low aircraft angles-of -attack. At the
higher angles-of-attack, where the slope of the aircraft 1ift curve
decreases, the AOA feedback was greater than the normal acceleration
feedback. In this way, the tendency to overrotate into dangerous angles-
of-attack in tight turns was reduced by maintaining a constant stick

force per degree AOA. The redundancy considerations for the use of AOA
feedback are discussed in Section 2.15.6.

The modifications made to the Normal Mode lateral-directional control
laws were:

0 A reduction in the lateral-axis prefilter time-constant to provide
quicker roll response,

0 Alteration of the yaw rate feedback gain schedule so that the gain

was increased at all values of Mach number to improve yaw damping and
lateral aiming ability,

0o Elimination of the lateral acceleration feedback gain in order to
reduce the aircraft directional response to gusts, and

0 Elimination of the Lateral Translation capability,

The overall effect was to achieve a quickening of aircraft response and
better lateral air-to-air tracking. Figure 22 illustrates the roll

quickening effect by comparing roll rate step commands for the AACM and
the Normal Mode.

G.E. Alr Combat Mode (ACM)

Features
=g uhes

o Improved high AOA performance

0 Increased roll response

(e}

Planar Turn
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Figure 22
Normalized Roll Axis Response

o Lateral stick - Controls plane of turn
o Longitudinal stick - Controls rate of turn in the plane

Longitudinal stick commands appropriate blend of roll and pitch

so that turns are maintained in the plane selected through the
lateral stick.

The ACM was designed by G.E. as a subcontractor participant in the Digital
FCS program and is reported in Reference (12). The most unique feature of
this mode was the pilot selectable Planar Turn option in which the lateral
axis coupled to longitudinal stick inputs at load factors above two g to
maintain a constant plane of turn. A complete description of the design
of the ACM and the Planar Turn option are found in Reference (12).

2.4,3.3 Air-to-Ground Bombing Mode

Features

o Roll stabilized about velocity vector

Neutral Speed Stability

Direct Lift capability

Flat Turn capability

Lateral Translation capability

Reference: 12. '"Digital Flight Control System Study Final Report,'" ACS 10,713,
General Electric Co., Binghamton, N.Y., October 1974.

Sl i i T e




B |

|
i

The Air-to-Ground Bombing Mode was synthesized to provide precise control
of the aircraft velocity vector using the effectiveness criteria of Section 2.3.2
so that good accuracy could be achieved. Modifications to the Normal Mode control
laws were confined primarily to the lateral-directional axes, with the Normal Mode
longitudinal control law requiring changes to the DLC networks only in order to
optimize the DLC capability for vernier corrections of the velocity vector at the
air-to-ground bombing flight conditions.

Modifications made ‘to the Nocrmal Mode lateral-directional control laws include:

0 Addition of a gravity correction term to the yaw rate feedback path to
produce aircraft roll rate stabilized around the velocity vector and yaw
rate proportional to bank angle,

o Elimination of the integral control of sideslip and lateral acceleration,
o Elimination of the ARI crossfeed of roll rate error,

0 Addition of the Flat Turn capability, and

o Modification of the Lateral Translation network.

All alterations to the lateral-directional control laws were made to provide the

capability to roll about the aircraft velocity vector and to provide Lateral Trans-
lation and Flat Turn control.

The Flat Turn and Lateral Translation networks were derived by cpen loop
decoupling techniques, so parameter scheduling was required for these features over
the range of bombing flight conditions.

2.4.3.4 Air-to-Ground Gunnery Mode

Features .
o Precise attitude tracking o Neutral Speed Stability
capability

o Direct Lift capability

o Reduced rotation due to gusts o ‘Flit Tutn capability

© Roll stabilized about reticle o Lateral Translation capability

o Longitudinal axis reconfigures
to include normal acceleration
feedback above one g incremental

The Air-to-Ground Gunnery Mode was designed using the effectiveness criteria
of Section 2.3.2. The major requirement for the longitudinal axis is to provide
good pitch control and keep uncommanded attitude excursions sufficiently small so as
to provide good pointing accuracy. Good pitch control during air-to-ground tracking
was provided through the use of a high gain pitch rate feedback control system.
The normal acceleration feedback, included in the Normal Mode, was not used in the
Air-to-Ground Gunnery Mode. The elimination of the norma) acceleration feedback

s W

from the Air-to-Ground Gunnery Mode resulted in a stick-force-per-g gradient which is
a function of aircraft velocity. This dependence on velocity caused stick lightening

as velocity increased and could result in overrotation into stall during pullout
maneuvers., This danger was eliminated by reconfiguring the longitudinal axis to
include normal acceleration feedback above one g incremental load factor. Poseible
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transients resulting from reconfiguration were minimized by adjusting the prefilter
gain so that at a velocity of 750 ft/sec, the stick-force-per-g gradient of the Air-
! to-Ground Gunnery Mode was the same with and without the normal acceleration feed-
: back. The DLC was retained in the Air-to-Grouna Gunnery Mode to allow the nulling
a of small tracking errors without a change in pitch attitude.

Modificatious made to the Normal Mode lateral-directional control laws include:
i .

o Addition of a gravity term to the yéw rate feedback to produce roll rate
stabilized around the gun reticle with turn rate proportional to bank angle,

0 Addition of the Flat Turn capability, and

0 Modification of the Lateral Translation network.

R e

All alterations to the Normal Mode lateral-directional control laws were made to _”

reduce rotation due to gusts and to provide the capability to roll about the gun 3

reticle, and to provide Lateral Translation and Flat Turn control. Ffi

The Flat Turn and Lateral Translation networks were derived by open loop !

decoupling techniques, so parameter scheduling was required for these features over 1

the range of air-to-ground gunnery flight conditions. 1
g 2.4.3.5 Manual Carrier Lan” '+« Mode (MCL) g

g . Features

o Selectable automatic throttle holds 19 units AOA
o Direct Lift capability ;
o Direct Side Force capability u

| £ o Improved turn coordination

The MCL Mode was designed to comply with the handling qualities criteria of
Section 2.4.2. This mode provided for pilot control of the flight path with
i thrust controlled by the automatic throttle. The control laws were also applicable
§ to cases where the pilot controlled both flight path and thrust.

The power-approach configuration included full flaps, undrooped ailerons, and
wing leading edge fixed slats compatible with full flap operation. The aircraft ]
i flew at 19 units AOA and an airspeed of 136 knots with 20% internal fuel. The
automatic throttle system was set to maintain a trim AOA of 19 units. Bias setting
: of the horizontal canards was 5° leading edge down. Aircraft pitch control used

inputs to the stabilator only. This was done to preserve the horizontal canard
0 capability for DLC.

The DLC system for manual carrier landing was designed to meet the following
objectives:

1 Eli o Obtain 0.1 g capability,
o Minimize pitch attitude change, ;
o Obtain rapid response of change of altitude, and

o Retain adequate aileron authority for roll control.

e b
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Adrcraft roll control for the MCL Mode used command inputs to the ailerons,
spoilers, and rudder. Turn coordination was provided by roll crossfeed commands to
the rudder and lateral acceleration feedback. The Lateral Translation control was
i designed to obtain rapid lateral acceleration onset with a peak acceleration of at
o | least 0.05 g. The Lateral Translation networks were intended for use in the landing
+ody configuration and landing flight condition only, so variable networks were not
necessary. Only limited aileron and rudder deflections were required to provide

the Lateral Translation capability, and sufficient surface deflection capability

was retained to provide unimpaired roll control.

2.4.3.6 Fixed Canards Mode

Features

i o Neutral Speed Stability
o Coordinated turns

0 Non-operable canards

The purpose of developing a Fixed Canards Mode was to provide adequate control
capabilities (Category 2 of Reference (6)) in the pitch axis in the event of a failure
in the canards control paths. In the event of a failure, the canards were automatically
returned to and fixed at 5° leading edge down and would no longer perform control
functions. The accompanying reduction in control power, without an accompanying
e increase in static stability, required that the Normal Mode longitudinal axis be 4
' modified slightly to maintain stability and controllability. No alterations were
=) required for the Normal Mode lateral-directional axes other than disabling the DSF
' input paths.

The only modification to the Normal Mode required to provide adequate control
was to fix the gain in the forward path.

2.4.3.7 DigiPACT Mode

Features

0 General fighter control mode

o Digitized version of PACT analog system

The DigiPACT Mode was studied as an interim mode for the Digital FCS. The
DigiPACT Mode consisted of a digital implementation of the existing analog SFCS-
PACT control laws. These control laws were originally designed as a general-purpose
fighter control law usable for all mission segments. The DigiPACT Mode was included
to enable a comparison between a general-purpose control law and customized multi-
modes.,

5 . Other than the digital implementation of the control laws, the major difference
between the analog SFCS-PACT and DigiPACT control laws was the location of the
integration function in the longitudinal axis. The integration was required in the
longitudinal axis to provide the NSS capability. The NS5 was obtained in the analog
control laws by utilizing a washout in the feedback signal around the secondary
actuator. The DigiPACT Mode utilized an integration in the forward path.
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2.4.3.8 Conclusion - Eight pilot-assist modes were developed and analyzed to assess
the feasibility and desireability of incorporating into the Digital FCS customized
multimodes which integrate aircraft control with mission demands. These modes

were later evaluated and refined based on qualitative pilot opinion and quantitative
workload and effectiveness data obtained during two man-in-the-loop simulations.

The results of the simulation evaluation are presented in Sections 2.19, 2.20 and
31535,

2.4.4 AUTOMATIC (PILOT-RELIEF) MODES

o Conventional Pilot-Relief Modes Automatic Throttle
o Pitch Attitude Hcld Automatic Carrier Landing
0 Roll Attitude or Heading Hold Automatic ILS
o Preselect Heading 0 Automatic Navigation
o Altitude Hold 0 Automatic Energy Management
The feasibility and desirability of incorporating into the ADP various mission-
oriented pilot-relief modes were investigated. As a result, the above pilot-relief

modes were developed to provide automatic control of flight path and other flight
parameters to relieve pilot workload and improve mission effectivensss.

2.4.4,1 Conventional Pilot-Relief Modes

Features

o Holds altitude or pitch attitude existing at engagement
0 Holds roll attitude or heading existing at engagement

o Captures and holds heading selected by the pilot

The Normal Mode was used as the inmer loop for the Conventional Pilot-Relief
Modes, with pitch attitude, roll attitude and heading obtained from an Inertial
Navigation System and altitude from the Central Air Data Computer. The Pitch Atti-
tude Hold, and Roll Attitude or Heading Hold Modes could be engaged any time the
aircraft attitude was between +70 degrees. Application of longitudinal or lateral
stick force interrupted the Pitch Attitude Hold and Roll Attitude or Heading Hold
Modes and returned control to the pilot via the Normal Mode. The subsequent
release of the stick reengaged the mode at the new aircraft attitude. Control law
logic based on roll attitude determined whether the system held roll attitude or
heading. The aircraft automatically held the present heading if the roll attitude
was less than 5 degrees, and held the present roll attitude if it was between 5 and
70 degrees.

The Preselect Heading Mode caused the aircraft to automatically fly to, capture,
and hold a new heading selected on the CDC. Logic controlled the direction in which
the aircraft turned to capture the new heading, with the maximum roll attitude
limited during the turn.

The Altitude Hold Mode included an "up stabilator command" as a function of
bank angle to provide improved altitude hold capability during turns. This command
was based on the theoretical expression for the pitch rate gyro signal in a coordi-




nated turn., Switching logic was provided to prevent Altitude Hold from being

engaged unless the vertical velocity was less than 1000 ft/min to minimize the g
engage forces.

2.4,4.2 Automatic Throttle Mode

Features

Provides Mach hold in the up-and-away configuration
Holds AOA at 19 units in che gear-down configuration
Allows manual pilot override

Automatically disengages when the pilot moves the throttle into the A/B
range in the gear-down configuration

Requires manual positioning into and out of the A/B range in the up-and-away
configuration

o Cockpit throttle levers automatically follow engine cambox servo signals

The Automatic Throttle Mode provided Mach hold for the Normal Mode gear-up con-
figuration, velocity and acceleration control for the Automatic Energy Management
Mode, and Approach Power Compensation for the Normal, MCL, ACL, and Automatic ILS
Modes. In the latter capacity, the Automatic Throttle Mode held 19 units AOA except
when DLC was being used. The DLC produced an AOA reference change in the Automatic
Throttle Mode that kept the Automatic Throttle from returning the alrcraft to the
19 unit reference until DLC commands were removed. If the AOA reference were not
changed, the automatic throttle would have washed out the effects of the DLC.

Control law logic was provided to keep the throttles from transitioning into or
out of the A/B range without pilot intervention. A signal was displayed on the HUD
indicating to the pilot whether the A/B or MIL power range was needed, and after the
pilot made the transition, automatic thrust modulation was resumed. In the geardown
configuration, any manual transition to the A/B range automatically disengaged the
Automatic Throttle Mode. This mode was also disengaged by the actuation of either
the gear or the speed brake.

2.4.4,3 Automatic Carrier Landing (ACL) Mode

Features

Blended DLC and pitch attitude commands
Blended DSF and roll attitude commands

Deck Motion Compensation (DMC), or deck chasing, compensated for vertical
deck motions of up to 16 ft peak-to-peak

o Reduced AOA excursions as compared to present F-4J ACLS
The DFCS ACL control laws included a blended DLC and pitch attitude command,

and a blended DSF and roll attitude command not incorporated in present fleet ACL
systems.




The use of the blended system for the "test case" aircraft resulted in:

A reduction in the flight path angle time constant,
A reduction in AOA changes te near zero in response to small pitch commands,

A reduction in the required thrust change to maintain the reference AOA,
and

The elimination of the initial reversal of vertical and lateral acceleration
at the aircraft cg at the onset of a command.

The blended DLC and DSF system required a different SPN-42 control law which
was further modified by the addition of DMC. The DMC computations were accomplished
in the simulated SPN-42 digital computer using data from the simulated shipboard
accelerometer and gyro sensors. The system has shown good stability and flight path
control under automatic carrier approach with a simulated vertical deck motion of as
much as 16 ft peak-to-peak and a period of 10 seconds. During these simulations,
the aircraft maintained a steady flight path down to 3000 ft from the touchdown
point. Withir 3000 ft, the system began deck chasing, allowing the hook to get in
phase with the deck in less than 1/2 cycle and continued to follow the deck motion
to touchdown. Because of the blended DLC, AOA excursions during the final deck
chasing portion of the approach were about +0.4 degrees. This compares with +3.0
degrees for the present F-4J ACLS under the identical deck motion conditions.

2.4.4.4 Automatic Instrument Landing System (ILS) Mode

Features

Capable of capturing the glide slope from above

Holds altitude until the glide slope is intercepted when capturing the glide
slope from below

Remains well within the allowable 35 microamp overshoot of the glide slope

centerline and the 37.5 microamp overshoot of the localizer centerline as
specified in Reference (13)

Uses the extensive computational capability of the Digital FCS to blend ILS
signals with on-board roll attitude and normal acceleration signals per-—

mitting a higher gain system which results in good capture and tight flight
path control

The control laws of the Automatic ILS Mode developed for the "test case" air-
craft utilized the same attitude command loops used for the ACL Mode with the

exception that the DLC and DSF blended system of the ACL Mode was not incorporated
into the Automatic ILS Mode.

Reference: 13. MIL-F-9490D (Draft) Flight Control Systems-Design, Installation

and Test of Piloted Aircraft, General Specification for, March
1974.




A vertical error from the glide slope beam was computed from the elevation
angle error and aircraft altitude above touchdown. This signal was blended with
aircraft normal acceleration and filtered to produce the pitch attitude command that
directed the aircraft to the glide slope centerline. The ILS azimuth angle error
was blended with aircraft roll attitude and filtered to produce the roll attitude
command which steered the aircraft to the localizer beam centerline at a closure
rate proportional to the azimuth error. Both the pitch and roll command signal
paths include integral gains which eliminated system bias errors.

The filters on the attitude commands produced smooth and accurate path position
and rate data, even when operating with a simulated ILS ground installation having a
large amount of beam errors due to noise, beam bends, discontinuities, etc.

The automatic ILS configuration developed for the "test case" aircraft provided
fully automatic Category I (Reference (9)) ILS approaches, commencing at a point out-
side the ILS outer marker when the aircraft was within the cockpit indicated limits
of the ILS Localizer Signal. An altitude hold feature was incorporated to maintain
the engage barometric altitude until intersection of the ILS glide slope beam.
Automatic control continued until reaching the ILS middle marker, which occurred at
an altitude of 200 ft. The system then disengaged, and the landing was completed
by the pilot. System performance was well within the Reference (9) FAA requirements.

2.4.4.5 Automatic Navigation Modes

Features

Acquired and tracked horizontal and vertical flight paths defined by the
flight management computer

0 Minimized overshoot during track capture maneuvers

o Smoothly transitioned from one flight path segment to another

An automatic vertical and lateral navigation capability was developed utilizing
steering commands generated by the Collins ANS-70A computer and interfaced with air-
craft pitch and roll attitude and the DFCS Normal Mode contol laws. Logic in the
interface with the DFCS control laws provided for disengagement of the Automatic
Navigation Modes with stick force, and system reconfiguration to the attitude hold
modes.

2.4.4.6 Automatic Energy Management Mode

Features

Minimum Time, Minimum Fuel, and Maximum Range energy ascent paths

Maximum %-and Maximum Dynamic Pressure energy descent paths

"Energy Look Ahead" implementation smooths flight paths and avoids high load
factors

An automatic Energy Management (EM) Mode was designed for the "test case" air-
craft with the capability of flying three basic optimum energy ascent flight paths
and two energy descent paths. The capabilities provided were flexible enough for a
variety of optimum mission segments to be flown automatically with pilot selection
of the various available flight paths or with proper merging of target acquisition




calculations and radar sensing. Studies of the energy characteristics of the "test
case" aircraft revealed that optimum flight paths computed with a variable throttle
setting were substantially the same as optimum flight paths computed with fixed
throttle settings with very little penalty for using the fixed throttles. Since
implementing optimum-path-following with variable throttle would have been more com-
plex, optimum flight paths with fixed throttle were utilized in the system, although
variable throttles were used for capturing end-point flight conditions and for main-
taining proper velocities and accelerations in the high speed descents. Simplified
all-digital simulations were used to check the EM system performance in the
development stages.

The basic optimum-flight-path-capture method employed in the EM system was
developed in earlier MCAIR EM studies. It is basically an "energy look-ahead"
method which is described in Reference (14).

In implementing the control laws to follow the commanded flight paths, the
flight path commands were converted to load factor commands. This conversion was
used for two reasons:

o It was very convenient to convert the load factor feedback loop of the
Normal Mode to a load factor control path by integrating load factor error,
and

It was desirable to place load factor limits on the flight path commands to
avoid severe energy penalties from high load factor maneuvers. Thus, load
factor commands were conveniently limited in the EM calculation prior to
transmission to the control law calculation.

Digital logic was developed to perform the EM calculation, provide adequate
1imits on control loop input commands, perform switching among selected optimum
flight paths, and coordinate flight path and throttle settings for capturing end-
point flight conditions on or off the optimum paths. End-point captures were made
by following approximately constant energy flight paths from the optimum flight
paths. All path-following functions were developed using the basic look-ahead
scheme described in Reference (14) or minor modifications of the scheme. The over-
all results of this mechanization was a system which follows optimum flight paths
very well and which smooths discontinuities associated with theoretical optimum
flight paths or intersections of flight paths.

2.4.4.7 Conclusion - Nine pilot-relief modes were developed and analyzed to assess
the feasibility and desireability of incorporating into the Digital FCS customized
control modes which provided automatic control of flight path and other flight
parameters to reduce pilot workload. These pilot-relief modes were later evaluated
and refined based on qualitative pilot opinion and quantitative workload data
obtained during the Integrated Control Law and Display Simulation in which evalua-
tion pilots flew individual mission segments and a complete mission scenario.

The results of these evaluations are presented in Sections 2.20 and 3.3.

Reference: 14. Report in Writing: '"Interface of Throttle/Energy Management
Function with DAIS System for Fighter Aircraft", March 1975
(Report Number not yet available) Contract No. F33615-74-C-3103.
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2.4.5 GAIN CHANGING - The design of the DFCS pilot-assist and pilot-relief mode
control laws included gain changing to improve handling qualities as described in
Rection 2.3.2 and effectiveness as described in Section 2.4.2 over the range of
design flight conditions. The five classifications of gain changing that were
considered, in order of decreasing complexity, are:

o Self adaptive gain changing,

o Air data gain scheduling,

o Ordinary non-linearities (deadband, limits, etc.),

o Automatic gain switching with control mode or configuration changes, and ;

o Manual gain changing.

Self adaptive gain changing was considered as a possible method of providing
gain adjustments to compensate for the wide range of aircraft dynamics encountered
over the flight envelope. These gain changing schemes are generally active schemes
since practical implementation of the aircraft dynamics identification process
usually requires a periodic excitation of the airframe by an automatic control sur-
face input device and measurements of the resulting response. Most of the available
identification methods also require that a set of rather complex computations be
performed constantly so that gain changes can be updated quickly to prevent degra-
dation of stability margins and performance with rapid variations of flight condi-
tions. Development of the multimode DFCS control laws revealed that gain changing
requirements would be more numerous than in a single mode design if the full multi-
mode capability was to be exploited. Self adaptive gain changing is generally an
order of magnitude more complex than air data gain scheduling. This complexity
coupled with some uncertainties about the applicability of current identification
schemes for identifying unstable CCV aircraft dynamic parameters prompted design
efforts to avoid adaptive gain changing if alternative air data scheduling would
provide good system performance. It was found that air data scheduling of gains
was a satisfactory method of gain changing for the multimode control laws. There-
fore, the self adaptive methods are not recommended for the currently defined DFCS
control system.

Table 2 is a preliminary list of the air data scheduled gains recommended
for use in the DFCS control system. These gain changing elements are passive in
that airframe dynamic excitation is not required for the gain changes to be effected.
Aerodynamic or control parameters are measured passively, and the gain changes
are determined using schedules which are stored in the flight control computers
and which require relatively simple calculations for the desired gain determinations.
The redundancy considerations for air data gain scheduling are discussed in
Section 2.16.3. In addition to air data scheduling, ordinary nonlinearities and
automatic gain switching with mode or configuration changes are recommended for
performing adjustment of many gains not requiring continuous change with flight
condition. Manual gain changing is reserved for use in the event of certain fail-
ures of air data scheduled gains.

Gain changing systems should be implemented with the redundancy of the control
loops containing them. The gains associated with the Normal Mode must remain
operational at all times for reasons of flight safety and for use for mission com-
pletion in the event of a failure of one of the specialized modes. It is planned
that pilot selectable gain changing will be available for emergency use in the event
that automatic gain changing equipment associated with the Normal Mode should fail.
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Table 2
Air-Data Scheduled Gains

Forward Loop Gains]

Energy Management Load Factor Gain
Departure Preventer Gains

Yaw Rate and Sideslip Feedback Gains

ARI Gains!

Lateral Translation and Flat Turn Network Gains

Automatic Navigation Outer Loop Gains

Note: 1. Gains Associated with the Normal Mode

Conclusion - Gain changing is required in the Digital FCS to improve handling
qualities and effectiveness over the wide range of flight conditions and variety of
mission segments flown. Efforts to simplify gain changing resulted in eliminating
self-adaptive techniques and minimizing air data gain scheduling in favor of
ordinary nonlinearities and gains changed automatically with configuration or mode
changes. Manual gain changing was reserved for use only as a backup in the event
of failure of certain air data scheduled gains as discussed in Section 2.16.3.

2.4.6 MODE COMPATIBILITY AND MODE SWITCHING -~ Implementation of the pllot-assist
modes and the pilot-relief modes in the DFCS required defining mode compatibility
and mode switching strategies. The criteria was to:

o Accomplish control law changes without objectionable transients,

o Simplify switching through integrated flight control mode and display
switching, and

Provide means for automatic and/or pilot selection of each mode in a manner
compatible with safety and the use for which the mode was intended.

Figure 23 is the mode compatibility chart for the pilot-assist and pilot-relief
modes. Switching between the modes was accomplished manually using the Computer and
Display Controller (CDC) and switches on the throttles and SSC, or automatically if
prescribed events occurred.

The following arrangement for manual mode selection of flight control modes
was employed:

(a) All the pilot-assist and pilot-relief modes except ACL and Auto-
matic ILS were engaged directly through the CDC.

Selecting ACL or Automatic ILS on the CDC initiated the arming sequence
of these modes. Once armed, ACL was engaged manually with the Data Link
Coupler switch when the "CPR ON" command appeared on the HUD, and Auto-
matic ILS was engaged automatically.
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Notes: 1.  Automatic Altitude Hold, Automatic Energy Management and Automatic Vertical
Navigation are compatible with Roll Attitude and Heading Hold and not
compatible with Pitch Attitude Hold

2. Automatic Lateral Navigation is compatible with Pitch Attitude Hold but not
compatible with Roll Attitude and Heading Hold

3. Automatic Altitude Hold can be used with ACL or Automatic ILS and will be
automatically disengaged when the aircraft reaches the glide slope centerline

4. The Automatic Throttle is an integral part of the ACL and Automatic Energy
Management Modes
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Figure 23
Mode Compatibility Chart

(c) In addition to selection through the CDC, the Air-to-Air Mode was engaged
through the Air-to-Air Mode Selection switch mounted on the throttle, and
the Normal Mode was engaged through the Normal Flight Mode switch on the
SSC. These additional means of mode selection made these modes available
to the pilot without moving his hands.

A summary of the automatic mode switching implementation is presented in !
Table 3.

The mode switching strategies developed for switching from one mode to another
produced smooth changes without objectionable transients during both the manual and
automatic mode switching. In general, where feedback variables and command signals
were engaged or disengaged, fade circuits were employed to eliminate any objection-
able transients. The transition time of 2.5 seconds, associated with these fade
circuits, was such that the pilot could compensate for any changes in stick force
required to sustain the desired maneuver.

Conclusion - These switching strategies were incorporated into the control laws
and evaluated by the simulation pilots during both the Control Law Simulation and
the Integrated Control Law and Display Simulation. This method of reducing tran-
sients during mode transition was successfully flown in the SFCS flight test program
to switch among the Normal, Electrical Back-Up and Mechanical Back-Up modes.
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Table 3

Automatic Mode Switching Summary

Mode Disengaged

Mode Engaged

Switching Circumstances

Energy Management

Any Mode

Pitch Attitude Hold
Roll Attitude Hold
Roll Attitude Hold
Energy Management
Altitude Hold

ILS or ACL

Vertical Auto Nav

Lateral Auto Nav
Automatic:

Altitude Hold with
Automatic Throttle

ILS

Normal Mode
Normal Mode
Heading Hold
Normal Mode
Normal Mode
Normal Mode

Pitch Altitude Hold

Roll Altitude Hold
Manual Throttle

Either Desired Altitude or Desired
Mach Number Acquired

ILS Armed and Aircraft within
+ 0.7° of Glide Slope Centerline and
+ 2,59 of Localizer Centerline

Pitch Attitude Exceeds + 70°

Roll Attitude Exceeds + 70°

Roll Attitude Between —5° and +5°
Application of Pitch Stick Force
Application of Pitch Stick Force

Application of Pitch or Roll
Stick Force

Application of Pitch Stick Force or
Lateral Auto Nav Disengagement

Application of Roll Stick Force

Lowering or Raising Gear or Actuation
of the Speed Brake Switch or After-
burner Selected with Gear Down

Throttle

ACL or

Energy Management | Normal Mode

Automatic Throttle Disengagement

2.4.7 SKEWED RATE SENSORS - PHASED TEST PROGRAM - A program for incorporating into
the DFCS test aircraft a set of angular rate gyro sensors, that are skewed with
respect to the aircraft control axes, has been defined to enable installation and
test of the skewed sensors in a phased flight test program. The potential advantage
of skewed sensors is that each sensor can provide angular rate information for more
than one control axis, with the result that fewer sensors would be required to
achieve any given level of sensor redundancy. The phased program has been defined
to initially use the existing rate gyros for vehicle control and concurrently
record the output signals from the separate skewed gyros for subsequent analysis.
After confidence is gained in the in-flight operation of the skewed sensors, these
sensors would be employed for closed-loop control.

Task descriptions of the phased program for in-flight testing and operation of
a set of skewed rate sensors are outlined below:

Phase and Task Description:

Phase I: Development and In-Flight Open Loop Evaluation

Define installation locaticns for the skewed rate sensors.
Detail design of aircraft and equipment modification for the in-flight

selection of the skewed rate sensors and for simulated failure
insertion on a per-axis basis.
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o Perform analysis to define a suitable structural filter for each
! skewed rate sensor. -

: o Write the computer software programs for:
4 o The structural filters, and

H

( o The redundancy management and coordinate equations which extract

| pitch rate, roll rate and yaw rate information from the skewed

; sensors and perform‘failure detection, failure isolation and system
i reconfiguration.

|

o Program the digital flight computers and conduct bench tests of the
individual computers.

o Conduct a system bench test with the redundant computers married to
the skewed rate sensors. '

o Install the skewed rate sensor package and associated equipment into
the aircraft.

o Conduct open and closed loop ground tests of the installed equipment.

o Conduct 5 flights with the skewed rate sensors operating off-line to
evaluate:

o The skewed rate sensor pitch rate, roll rate and yaw rate data, ?
o The effectiveness of the structural filters, and

o The failure detection, failure isolation and reconfiguration
routines for pilot inserted simulated failures.

Phase II: Initial In-Flight Closed Loop Evaluation

: o Modify structural filter design as necessary based on Phase I flight
E | test results,

o Conduct 5 flights to evaluate the modified structural filters operating
off-1ine.

o Conduct 5 flights during which the pilot selects on a per-axis basis
between the skewed rate sensors and normal aircraft sensors for closed
loop control in all flight control modes.

Phase III: Continued In-Flight Closed Loop Evaluation

o Conduct 5 flights using the skewed rate sensors exclusively throughout
the flight envelope and in all flight control modes from takeoff to
touchdown.

E | o Prepare a final report documenting the results of the skewed rate sen-
‘l sor test program.

T . “ |




Conclusion - A phased program was defined for the in-flight testing of a set of
skewed rate sensors. This program, as presented, is contingent upon receiviug from
the Government the sensor configuration and redundancy management and coordinate
equations required for implementing a set of skewed rate sensors into an aircraft
for closed loop fly-by-wire control applications.

2.5 ELECIRICAL BACKUP (FBU)

For purposes of this analysis, EBU was defined as a mode which allows the pilot
to command surface position rather than aircraft motion without the use of rate or
acceleration feedbacks.

The three sound candidate configurations, which were evaluated in the relia-
bility analysis reported in Section 2.17, all met the Statement of Work reliability
goal without an EBU, although safety and reliability are improved if satisfactory
performance can te provided by an EBU mechanization.

An EBU, as defined above, cannot control the pitch motion of an aircraft such
as F-4 S/N 12200 with horizontal canards, when the basic airframe is unstable, and
the control frequency is too high for the pilot to handle without pitch rate feed-

back. Accordingly, it is not planned that a pitch EBU will be used in the Digital
FCS.

Safety is improved if an EBU is provided in the lateral-directional axes and
it is anticipated that satisfactory lateral-directional handling qualities can be
provided by an EBU (without rate feedback). Accordingly, an EBU may be provided
as a reconfiguration capability of the Normal Mode for the lateral-directional
axes.
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2.6 PILOT INTERTACE

2.6.1 INTRODUCTION - An analysis was performed to determine the pilot interface
with the Digital FCS. Each function identified was evaluated to determine how it
would be performed. Information-p-ocessing, decision-making and action functions
were allocated to thz pilot, tc a machine, or to a man-machine combination. Pilot
tasks were assessed in terms of time-to-perform versus time available in each

mission segment. Information gleaned from these analyses was used in the evalua-
tions discussed below.

2.6.2 PROCEDURES AND TACTiCS - The procedures and tactics identified were derived,
in part, from current Air Force course materials used for pilot upgrading into
advanced fighter aircraft. Modifications to existing procedures and tactics dis-
cussed herein are based on the evaluation of the aircraft aerodynamic control capa-
bility, dynamic simulation results, and pilot opinion data. Paragraph 2.6.2.1 below
outlines the unique capabilities of the Digital FCS and the discussion in Paragraphs
2.6.2.2 through 2.6.2.7 describe the effects of the increased control capability,
afforded by this system, on conventional pilot procedures and tactics.

2.6.2.1 Unique Flight Qualities of the DFCS Aircraft

0 Aircraft handling qualities are not affected by cg variations over a wide
range, such as might result from various weapon loads. The conventional
aircraft becomes progressively more difficult to control and would be uncon-
trollable at aft cg's where no degradation would occur with the DFCS.

o Increased acceleration, turn rate, climb capability (better Pg, energy level)
0 Greatly reduced buffet at high angles of attack,

0 Wing rock at high angles-of-attack virtually eliminated, and

0 Control-limited load factor increased at supersonic speeds.

0 Unique maneuvering capahilities for weapon delivery modes in that the
aircraft can:

0 Gain or lose altitude in a constant pitch attitude,
o Turn flat without rolling or side slipping, and
0 Translate laterally without rolling or changing heading.

o For air-to-ground gunnery, using conventional control inputs, the aircraft will
roll about any selected aircraft axis thus eliminating the pendulum effect.

o For the Air Combat Mode, fuselage aiming provides a capability to maintain
the aircraft flight path while changing the pitch attitude and/or heading.

0 The Departure Preventer inhibits the aircraft from exceeding its structural
limits. Sensors, such as angle-of-attack and acceleration, act as limiters
on the aircraft control which prevent overstressing of the aircraft struc-
ture and prevent aircraft departures.
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2.6.2.2 Aircraft and Tanker Hook-up - The current procedure requires the pilot to
move to the contact position, when cleared by the boom operator, and stabilize the
aircraft within two or three feet of the contact position. The air refueling
director lights and refueling boom extension must be monitored while maintaining
precise refueling position. In conventional fighter aircraft, the precise maneuver-
ing of the receiving aircraft to the contact position requires a series of up or
down pitch movements to match the tankers altitude and rudder induced rolls to match
the tankers line of flight. Each of these flight changes entails a double attitude
change (pitch up or down and level off, roll in and roll out) for altitude and
lateral deviation corrections. With the DFCS, the pilot initially needs only to
match the tanker's airspeed and position his aircraft within a cone of some appro-
priate dimensions below and behind the tanker. From this position he can control
his airspeed with the throttle and translate up or down, left or right, using Direct
Lift and Lateral Translation. The precise refueling contact point can be achieved
without conventional pitch or roll inputs.

2.6.2.3 Precision Approach - An ILS approach assumes an airborne unit to determine
aircraft deviation from a precision approach path and four ground station elements.
These are the localizer, glide slope, marker beacons and approach lights. In cur-
rent aircraft, the localizer signal is applied to the HSI course deviation bar, ADI
localizer indicator, and the HUD integrated flight director. The glide slope signal
is displayed on the ADI glide slope indicator and the HUD integrated flight director.
The system receives signals from the marker beacon and illuminates the Beacon light
and a comparable symbol on the HUD. The current approach procedure requires the
pilot to select the proper localizer frequency and aurally verify the localizer
identifier. He must set the published inbound ILS runway heading (course) in the
COURSE window of the HSI. He must cross check the Instrument Approach Plate profile
view for published minimums.
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When established inbound on the localizer, he must setup approach configuration
and maintain level flight until interception of the glide slope is indicated. The
speed brake must then be extended and pitch and power adjusted as required. When
the Beacon Lamp illuminates and the "BKN" symbol appears on the HUD indicating
station passage, the controlling agency must be notified. The pilot then flies the
on-course steering commands to the published decision height. One common difficulty
confronting the pilot of a conventional aircraft while executing an ILS approach
is maintaining proper course and position on the glide slope during descent.
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The DFCS provides improved aircraft stability and requires less control
activity for the pilot. Transition from level flight to the glide slope is simpli-
fied. When the pilot reduces power, the DFCS maintains the aircraft attitude, a
negative flight path angle is established and the angle-of-attack is increased.
Aircraft attitude changes, which typically occur with power changes and equipment
extension; e.g., landing gear and speed brakes, are minimized. When the glide slope
is captured and the required AOA established, tracking the course steering commands
is enhanced. For manual approaches, adjustments in altitude and azimuth can be
made using Direct Lift or Lateral Translation as necessary. Pitch and roll inputs
are eliminated except where gross corrections may be required. The DFCS flight
management concept eliminates the pilot's task of selecting ILS frequencies, setting
the inbound ILS runway heading (course) in the course window of the HSI, and cross
checking the published let-down plate. Proper display presentation is accomplished
through pre-flight programming of the computer which assures automatic presentation
of approach flight data. In the Auto ILS and Auto Throttle flight control modes, the
aircraft is coupled with the ILS and is automatically controlled throughout the
approach. The pilot needs only assume control at decision height and land the aircraft.

R
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2.6.2.4 Crosswind Landing - In a conventional aircraft, crosswinds are compensated
for by using the wing-low method, crabbing, or a combination of both. If the crab
method is selected, the aircraft heading is aligned with the runway just prior to
touchdown. The wing-low method, depending on the mechanization of the flight con-
trol system, will likely require overpowering the aileron rudder interconnect (ARI)
with the rudder or disengaging the ARI by pulling the circuit breaker. The DFCS
eliminates the requirement for employing either of these techniques. Once proper
runway alignment has been achieved, a normal descent and touchdown can be made using
only Lateral Translation (direct side force) as necessary to compensate for the
crosswind. The problems inherent with aircraft slip or crab during the approach are
eliminated. An illustration depicting a crosswind landing with and without Lateral
Translation capability is presented in Figure 24,

Conventional Aircraft DFCS Airc;aft

{wind

CRAB or SLIP Required Direct Side Force
to Correct for Wind Drift Compensates for Wind Drift

Pilot Comments:
® Very Effective for Aligning Aircraft Longitudinal Axis with Runway Heading and
Eliminating Aircraft Drift
Figure 24
Effect of Lateral Translation Capability
Landing Segment

2.6.2.5 Navigation - Current fighter aircraft navigation capabilities generally
include ILS, TACAN, and an Inertial Navigation System (INS). The ILS has been dis-
cussed previously under "Precision Approach". Current TACAN procedures require the
pilot to sequentially select the individual TACAN frequencies, aurally verify the
station identifier, select the desired radial, and fly the flight plan (normally
displayed on the pilot's kneeboard) from data displayed (bearing and distance, bank
command, and course deviation) on the HUD, ADI and HSI. The aircraft is flown
manually, however, auto flight control features such as attitude hold and altitude
hold may be used on individual course legs. The INS is a fully automatic three dimen-
sional navigation system, which provides the primary attitude reference, and displays
a continuous present position in latitude and longitude. Data for destinations,
air-to-ground targets, or aircraft present position can be inserted in the




navigation control indicator. The pilot, having selected and inserted a destination
and the NAV Steer Mode, receives steering data from the HUD, ADI and HSI to the
destination selected. Upon reaching the destination, he must manually select the
next destination. Navigation information will again be furnished to the pilot
through the aforementioned displays. Again, the aircraft is flown manually; however,

auto flight control features (attitude and altitude hold) may be used during the
flight.

The DFCS flight management implementation provides for position fixing, tlight
plan management, steering computationms, point-to-point navigation, airport proce-
dures and other informtion such as electronic warfare data required to support
tactical fighter operaticns. It also provides a fully automatic three dimensional
area navigation system capable of flying directly between any two points as well as
on airways, SID's, STAR's, and RNAV routes. The flight management computer, rather
than the pilot, performs sensor management, such as frequency selections and initial-
jzation. The DFCS flight management implementation provides for external loading of
the flight plan which can then be called up on appropriate displays. The point of
origin and destination and all intervening waypoints, complete with specified alti-
tudes, are displayed on the CDC. Course lines for each leg are displayed on a
Multi-Functional Display (MFD II). Having constructed the flight plan, the pilot,
after takeoff, can engage the Auto Lat Nav and Auto Vert Nav flight control modes,
which automatically fly the lateral and vertical profile of the designated flight
plan. Other options, such as offset course guidance of up to +40 miles, and automat-
ically executed holding patterns, are also available and can be integrated with the
regular flight plan. These capabilities greatly reduce the navigation workload of
the pilot, such as selecting pertinent TACAN frequencies; and resolves most of the
mental calculations, such as time and distance to next waypoint, normally required
for the accomplishment of the total mission.

When flying the flight management system manually, the CDC and Map Display are
operated in the same manner and present the same data as previously discussed.

2.6.2.6 Air-to-Ground Gunnery and Bombing - The key to a successful air-to-ground
delivery is the pilot's ability to fly his aircraft to meet a set of predetermined
release conditions, e.g., airspeed, altitude, and dive angle. Current procedures
require the pilot to select the proper reticle depression angle, visually acquire
the target, and maneuver the aircraft to approach the run-in heading from a 90°
position. After establishing the airspeed, he must roll into the target allowing
for a crosswird and lower the aircraft nose below the horizon after 30° into the
turn. Roll-out should be made so that the dive angle is slightly steeper than
necessary to ensure the reticle is below the target. Cross—check of the displays
must be accomplished while maintaining track and airspeed. Release or firing may
be initiated when slant range, dive angle, airspeed, and sight reticle on the target
are simultaneously achieved. Rapid, accurate solution of the target tracking problem
is the primary task of the fighter pilot in the air-to-ground flight environment.
The pilot also has the option to fly the AUTO mode, which is a fully computed auto-
matic weapon release mode. The aircraft is flown to position the reticle on the
target. The designator controller is depressed designating the target and auto-
matically switching to the AUTO mode. The target designator box, azimuth and
elevation steering lines, time-to-go, and the velocity vector are displayed as
primary symbols in this mode. The target designator box remains positioned on the
target, and any designation error may be corrected by repositioning the designator.
The major task in this mode is nulling the azimuth steering error by flying the
velocity vector to coincide with the azimuth steering line.




The pilot, flying the DFCS, needs only to align the aircraft with the approxi-
mate target position, and then accomplish precise alignment and target tracking
through Flat Turning, Lateral Translation, and Direct Lift. The Flat Turn capa-
bility is available to the pilot through the rudder pedals and Lateral Translation
and Direct Lift through the controller on the side stick. The normal DFCS technique
after roll-in on the target is to solve azimuth displacement using the Flat Turn
capability and eliminate wind drift with Lateral Translation. Illustrations depict-
ing use of the Flat Turn and Lateral Translation capabilities in air-to-ground
mission segments are shown in Figures 25 and 26 respectively. Vertical corrections
would be accomplished with Direct Lift or pitch inputs. This technique eliminates
the need for conventional rolling of the aircraft with its resultant pendulum effects.
However, when larger corrections are required, the DFCS aircraft can be rolled about
any selected aircraft axis, e.g., the reticle depression angle, which effectively
eliminates the pendulum effect.

Without Flat Turn With Flat Turn

Target
[ ] ©.  Target
\ e VN
R e
i A - =
Roll © &
Out

((/‘ .\‘; F-4

Heading Correction Requires Repeated Heading Correction Requires Only
Right and Left Lateral Stick Inputs Rudder Pedal Input in the Direction
of the Turn

Pilot Comments:
® Very Effective for Small Heading Corrections in Air-to-Ground Segments.
® The Use of Rudder Pedals Provided a Natural Means for Flat Turn Control.

Figure 25 :
Effect of Flat Turn Capabilityr, '
!
2.6.2.7 Air-to-Air Combat - Air combat involves the use of maneuvers which are
divided into offensive and defensive categories. Basic offensive maneuvers include
the high and low yo-yo, lag pursuit, lag roll and barrel roll attacks. The number
of basic defensive maneuvers is somewhat greater and includes the split, break,
hard turn, roll away, high-g barrel roll, spiral, flat and rolling scissors, and
vertical reversal. This inventory of maneuvers is used by the fighter pilot in the
combat environment to complete a successful attack on an enemy aircraft or to
extract himself from a defensive situation with the enemy to his rear. How well he

accomplishes the specific task at hand is directly related to his proficiency as a
pilot and the flight characteristics of his particular aircraft.
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"' ‘ Pilot Comments:

i @ Very Effective for Aligning the Aircraft Longitudinal Axis with the
i Ground Track in Steady Crosswinds

® A Displacement Type Controller is Preferred in Lieu of a Force
Controller for Lateral Translation

‘;; % Figure 26
B | Effect of Lateral Translation Capability
4 Bombing Segment

The aircraft control responses for the DFCS have been tailored to the require-
f ments of the air combat situation. Increased acceleration, turn rate, and climb
. capability have been achieved through the installation of horizontal canards and
wing slats which have reduced maneuvering drag, and increased lift. This effectively
produces a better energy level for maneuvering flight. At high angles-of-attack,
buffet is greatly reduced, and wing rock is virtually eliminated. The "g" capability
of the aircraft is increased at supersonic speeds. The integration of a Departure
Preventer allows the pilot to concentrate fully on the aircraft against which he is
B | maneuvering and minimizes the requirement to monitor continually the airspeed, angle-
F 1 of-attack and g-indicator. These increased capabilities allow the pilot to exploit
the advantages derived from the typical air combat maneuvers.

_ —~ Lateral and Vertical Fuselage Aiming will be possible in the DFCS through the
E use of the rudder pedals and the direct lift controller in the Air Combat Mode.

B ) This capability will allow the pilot to rotate the aircraft fuselage, which changes
the aircraft pitch attitude and heading, but maintains the direction of the existing :
i velocity vector. The technique allows the pilot to align his aircraft gun with the H
*; i target without changing the aircraft flight path. Fuselage Aiming can effect a gun
¢ ; solution not normally attainable from certain flight situations. An illustration
depicting the use of fuselage aiming in air-to-air combat is presented in Figure 27.

2.6.2.8 Conclusion - An evaluation of pilot procedures and tactics, in terms of the
unique flight qualities of the DFCS aircraft and its integrated flight management
system, indicates a definite increase in weapon system capability. The high degree
of flight automation and display integration simplified pilot tasks and enhances his
ability to perform specific procedures and tactics. These increased capabilities
should provide improved weapon delivery effectiveness without increased workload.
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Without Fuselage Aiming With Fuselage Aiming
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Rotate Aircraft with
Direct Lift Controller
and Rudder Pedals

Pilot Comments:
® Fuselage Aiming Should be Provided for Air-to-Air Combat

Figure 27
Fuselage Aiming

2.6.3 DFCS EMERGENCY PROCEDURES - An evaluation was.conducted to determine the
necessity for developing emergency procedures with the current DFCS design concepts.
The following rationale has been established:

2.6.3.1 Flight Control - The flight control system will be designed to automatically
reconfigure when failures occur. Therefore, little or no emergency pilot procedures
will be required for flight control for first failures. An example of what might be
done after multiple failures is shown in Figure 28.

2.6.3.2 Displays and Controllers - Essential flight data are presented redundantly
on the HUD and MFD I. It is also planned that the essential flight parameters will
be hard wired to the HUD and MFD I. This will provide for continuous flight data in
the event of either display or computer failure. The CDC and flight management com-
puter with the MFD II provide the additional flight plan management data. This
capability should provide sufficient redundancy to circumvent the effects of a display
or computer failure and make specific emergency pilot procedures unnecessary for

first failure of displays and/or controllers. Failure annunciation however may be
desirable.

2.6.3.3 Electrical Power - It is planned that battery electrical power will be
supplied to both the flight control system and displays in the event of aircraft
generator failure. This will provide for continued operation for some specified
period of time and removes the need for a specific emergency procedure. Failure
annunciation, however may be desirable.

2.6.3.4 Conclusion - The evaluation indicated that few emergency procedures need
be developed for the current DFCS design concepts.
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2.6.4

DEDICATED VERSUS TIME-SHARED DISPLAYS AND CONTROLLERS ~ Each mission function
was analyzed to determine i1ts information requirements.

accomplished by further subdivision of each function.

Task identification was
The results of these studies

were used to establish the displays information and controller capabilities needed
to support each of the mission functions.

The display information was subse
HUD, MFD I, MFD II, and/or CDC.

quently assigned to specific displays, i.e. .
These assignments resulted in the identification

of opportunities for time-sharing of information on each of the displays. An
example of the time-sharing of display information is presented in Table 4 by the

changes of display information for the functions of the radar missile attack segment.

Table 4

Example of Time-Sharing of Display Information

+ Launch Limits

+ Steering Dot

+ Radar Range Rate

+ Target Designator
Box

+ Missile FOV

+ Target Altitude Delta
+ Steering Dot

+ Radar Range Rate

+ Launch Limits

— Target Designator

Segment Function HUD MFD- I MFD- I Alternate MFD- I
Radar Navigate Flight Director Radar Display (A/A) Flight Director Aircraft Symbol
Missile to Target Airspeed Airspeed Aircraft Reference Flight Plan
Attack Altitude Altitude Airspeed Waypoints

Attitude Attitude Altitude Range (80 NM)
Heading GS and TAS Attitude Heading
Velocity Vector Mach Heading Lubber Line
Mach Flight Control Mode Mach Tactical Data
Flight Control Mode { Antenna Azimuth Scale Flight Control Mode | (SAM, AAA, and AA
Side Slip Angle and Marker Side Slip Angle Threat Data)
Lateral Acceleration | Antenna Elevation Scale | [ ateral Acceleration | Range Marks
Gun Cross and Marker
Radar Range Scale
Radar Grid Lines
Target Display
Target Designator
Select Pilot Same as Above Same as Above Same as Above Same as Above
Assist Mode + Weapon Type and | + G Raadout
(A/A Combat Quantity
MRM) + G Readout
—Flight Qirector
Detect and Same as Above Same as Above Same as Above Same as Ahove
Identify Target + Radar Target
+ IFF Target Data
— IFF Target Data
Perform Same as Above Same as Above Same as Above Same as Above
Radar + ASE +ASE
Lock-Dn + Target Range + Target Range

The controller capabilities needed to support each of the mission functions
were assigned to the specific controllers, i.e., side-stick, throttles, and CDC.

These assignments,

of the controllers.
utilized are as follows:
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which were accomplished using MIL-STD-203E as a guide, resulted
in the identification of opportunities for time-sharing of the capabilities on each
Three controller mounted switches, where time sharing was




0 Gunsight Stiffen or Missile Reject Switch (Throttle) - Changes function
to match selected flight control mode.

o Auto Acquisition Switch or Inflight Refueling Probe Disengage (Throttle) -
Changes function to match radar power switch position, i.e., refuel probe
disengage when radar is in OFF or STBY and auto acquisition with radar in
operation.,

o

Nose Gear Steering or SRM Uncage (Side Stick Controller) - Change
function according to weight on wheels switch open or closed.

In addition, the keys of the computer and display controller are time shared
as discused in Reference (15).

Conclusions

Military pilots evaluated the time-sharing aspects of the DFCS cockpit arrange-
ment during the static Displays and Controllers Evaluations and the dynamic Inte-
grated Control Law and Display Simulation. Results of these evaluations are
presented in Section 3.0. Time-sharing concepts were readily accepted by the pilots
and they expressed the opinion that these time-sharing innovations of displays and
controllers would reduce workload and enhance weapon system management.

Reference: 15. Digital FCS Study ¥inal Report, 523-0766085-00111M, Collins

Avionics Division, Rockwell Inteinationl, Cedar Rapids, Iowa.
15 February 1975
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2.7 DISPLAYS AND CONTROLLERS DEVELOPMENT

2.7.1 INTRODUCTION - Display and controller analyses were performed to help develop
and evaluate crew-system concepts for displays and controllers. The results of the
analyses were used to help design the configurations for the design aid and simula-
tion. The following objectives were considered in the analyses and design:

o Enhancing the operation of the Digital FCS,

o Permitting the pilot to behave as a mission-oriented manager rather than a
subsystem operator,

o Utilizing the pilot's decision-making capability within acceptable workload
levels, and

0 Accomplishing all of the above without increasing pilot workload.

The results from the Pilot Interface Analysis (Section 2.6) along with the
knowledge gained through the review of related, previously accomplished, programs
such as the IIPACS program, References (16), (17), (18), and (19), the HAC program,

Reference (19), and the AIMIS program were utilized to develop initial crew-system
concepts discussed in Section 2.7.2.

These crew-system concepts combined with the results from the Mission Scenario
Analysis; Air Force, Navy and MCAIR Displays and Controllers Coordination Meetings;
drawing layouts; and three dimensional design aids were used to establish the candi-
date display and controller arrangements.

Displays analyses and controllers analyses are discussed in Sections 2.7.3
and 2.7.4, respectively.

References: 16. Zipoy, D.R., and Premselaar, S.J., "Advanced Integrated Fighter
Cockpit Study,'" Technical Report AFFDL-TR-71-57. Wright-
Patterson AFB, Ohio. June 1971.

17. Zipoy, D.R., et al, "Integrated Information Presentation and
Control System Study, Volume I System Development Concepts' Tech-
nical Report AFFDL~-TR-70-79. Wright-Patterson AFB, Ohio.

August 1970.

18. Zipoy, D.R., et al, "Integrated Information Presentation and
Control System Study, Volume II, System Analysis," Technical
Report AFFDL-TR-70-79. Wright-Patterson AFB, Ohio. August 1970.

19. Premselaar, S$.J., et al, "Integrated Information Presentatiocn and
Control System Study, Volume III Degraded Mode Analysis," Tech-

nical Report AFFDL-TR-70-79. Wright-Patterson AFB, Ohio.
June 1971.

20. Sinnett, J.M., Asiala, C.F., "Advanced Fighter Concepts Incorporat-
ing High Acceleration Cockpits; Volume IV-Pilot Performance

Analyses," Technical Report AMRL-TR-72-116. Wright-Patterson AFB,
Ohio. July 1973,
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2.7.2 CREW-SYSTEM CONCEPTS ~ Analysis and design were performed to establish crew-
system concepts for the Digital FCS cockpit geometry, lighting and lighting control,
and locations of proposed controllers and displays. Cockpit designs prepared for
use in engineering evaluations, workload analyses, and the design aid and simulator
construction were modified and refined as the Digital FCS Study progressed. These
designs were used in part to formulate the recommended ADP configuration.

The cockpit geometry for the Digital FCS design was based on the overall dimen-
sions of the designated F-4 test aircraft. The seat, console location, canopy sill
height, windshield bow, and fuselage structure in the cockpit are representative of
a typical F-4. However, consoles, instrument panels, displays, and controllers have
been located to provide the most acceptable access and ease of operation. The over-
all arrangement was designed to be generally compatible with the High Acceleration
Cockpit (HAC) concept, Reference (20).

Lighting and lighting control for advanced electronic displays is recognized as
a critical area for design consideration. The Digital FCS display and controller
concept provides for manual control of cockpit and specific component lighting. In
addition, electronic displays such as the HUD and MFD's are provided with individual
manual and automatic display intensity controls to compensate for varying ambient
light conditions. Lighting and lighting control concepts are not, however, subject
to practical analysis and verification by static design aids and simulation of the
type done as a part of the Digital FCS Study.

Initially, designs were prepared to determine candidate display and controller
arrangement, location, and configuration. Numerous arrangements were defined in
sketch form. These arrangements were subjectively evaluated by MCAIR design engi-
neering, human engineering, and pilot personnel. Critiques and suggestions were
made by the Air Force and Navy project office personnel during various coordination
meetings. Several of these arrangements were then refined by more detailed design
work. Air Force and Navy standards for human engineering design criteria and
pilot anthropometric data were used as criteria for the design layouts. The major
controllers, i.e., the side stick, rudder pedals, throttle, and Computer and Display

Controller (CDC), were designed to accommodate the 5th through 95th percentile
pilots.

Conclusions

Cockpit arrangements generally compatible with the HAC concept were designed and
refined for subsequent use in engineering evaluations, workload analyses, and con-
struction of the design aid and simulator. The resulting arrangement was used in
part to formulate the recommended ADP configuration.

2.7.3 DISPLAYS ANALYSES - Analyses were conducted to define advanced cockpit
displays which offer possible reductions in pilot workload, and improvements in
weapon system management over conventional displays.

Early in the display development, an arrangement was established which formed
a basis for the specific analysis topics. First,it was decided that a Head-Up
Display (HUD) was a basic requirement. It was also decided that two separate head-
down CRT displays were desirable to provide the pertinent radar, EO, EADI, and EHSI
information. One CRT would primarily present vertical situation information and is
designated Multi-Function Display I (MFD I). The other CRT would primarily present
horizontal situation information and is designated MFD II.




Specific topics which were included in the analyses are:

o Utilization of advanced Digital FCS control laws for display information,
o Levels of display redundancy required for Digital FCS implementation,
Considerstions of dedicated vs time-shared displays,
Pilot-computer-display interface,
Display symbology and fcrmats,
Considerations of various mission-oriented displays,
Priority management system for the displays,

Considerations of data processing functions accomplished in separate symbol
generators,

Considerations of integrating energy management parameters with conventional
flight control parameters,

Computer-generated advisory information in discrete data and numeric form,
Advisories for preflight and in-flight failure information, and

Annunciator displays to provide advisory status and readout of selected
Digital FCS functions.

2.7.3.1 Utilization of Advanced Control Laws for Display Information ~ Analysis and
simulation results indicate that the display information should be mission oriented,
i.e., only the information required for a mission segment should be presented while
that segment is being flown. Since the multimode control laws are also mission
oriented, it may be said that the displays are directly related to the control laws.
However, with the following exceptions, little display information can be derived
directly from the control law computations:

o Energy management desired profiles in the Mach and altitude plane,

o Pitch and roll steering commands for auto navigation, ILS, ACL and energy
management, and

o Alpha-numeric indicating flight control mode selected.

The control law computations were utilized to derive information for the above
parameters during the Integrated Control Law and Display Simulation.

2.7.3.2 Levels of Display Redundancy Required - Display redundancy has been
discussed as part of other related studies. Essential flight data can be and have
been presented redundantly on the HUD and MFD I as a part of the weapon delivery

and sensor displays. The MFD I display format incorporates airspeed, altitude and
aircraft attitude with or without the Radar, Electro-Optical, or Infra~Red sensor
displays. Heading information is displayed redundantly on the HUD and MFD II and

is incorporated in the MFD I flight information display format. It also is planned
that essential flight data will be hard wired to the HUD and MFD I. This redundancy
will provide continuous flight data in the event of failure of either a display or a
flight management computer. Back-up electrical power will be supplied to the dis-
plays, as well as the FCS, in the event of failure of normal electrical power. The
redundant display of essential flighc data has been demonstrated by the Integrated
Controel Law and Display Simulation.
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2.7.3.3 Considerations of Dedicated Versus Time-Shared Displays - The analysis of
dedicated versus time-shared displays is discussed under Section 2.6.4.

2.7.3.4 Pilot-Computer-Display Interface - Analysis and simulation indicate that
simplified pilot access to displays, simultaneously with flight control mode selec-
tion through switches on the primary controllers and/or the CDC, is effective in
reducing pilot workload as shown in Section 2.20. Also, the option for selection

of display presentations independent of the flight control mode selected is desirable.

2.7.3.5 Display Symbology and Formats - Analyses were performed to define symbology
and formats to be used in the flight control mode related displays which enhance the
operation of the Digital FCS. The symbology developed is designed to present clear
and concise flight, attack, take-off and landing information to the pilot. The
display's information content and ease of comprehension were designed to reduce
pilot workload and improve mission effectiveness as defined in Section 2.3.

Initially, a search was made of various specifications and reports concerning
electronic displays. The information acquired was combined to form baseline sym-
bology and formats. Additional display symbology and formats were provided by the
Air Force and Navy Program Office. Several examples of symbols and formats were
assembled into a package of "Paired Comparisons'" and '"Information Requirements
Questionnaire'". The package was then evaluated by Air Force and Navy test pilots
to obtain their preference of specific symbols and formats to be displayed during
various flight segments. The results of the evaluation were assembled and reviewed
by Air Force, Navy and MCAIR representatives during a coordination meeting. This
review resulted in agreement on the initial set of symbology and formats to be
evaluated during dynamic simulations.

During the Integrated Control Law and Display Simulation evaluation, pilots
made additional recommendations for symbology and format changes; see Section 3.3.3.

2.7.3.6 Consideration of Various Mission Oriented Displays - Analysis indicates
that generally, only the display information required for a mission segment should
be presented while that segment is being flown. Therefore, appropriate formats
were developed with the required information to provide presentations which are
simultaneously displayed when a flight control mode is selected and automatically
displayed when other discrete events occur, e.g., landing gear position change,
radar status change or faults. The preceding philosphy was confirmed by the
simulations; see Section 3.3.3.

2.7.3.7 Priority Management System for the Displays - A priority management system
for display content and format was developed which provides a display presentation
appropriate to the flight control mode selected and a discrete event, e.g., gear
down, weapon status, range of a target. During the simulation, radar presentations
were designated as first priority information for the MFD I. Subsequent pilot
evaluations indicated that when the normal flight control mode is selected, they
preferred the MFD I priority presentation to be the EADI. The system also provided
for the automatic display of an appropriate format and/or high priority advisory
information when pertinent, e.g., control system faults or a tactical threat.
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2.7.3.8 Considerations of Data Processing Functions Accomplished in Separate
Symbol Generators -~ Display data processing functions, normally included in symbol
generators, are as follows:

o Input/Output circuiiry for interface with the display computer and/or
direct interface with external sensors,

Data memory which consists of random access memory for buffered storage
of input data,

Central Processor Unit (CPU) which controls data and program addressing,
.sequencing, and processing for input to the waveform generator,

Program memory, usually PROM or ROM, which contains the entire symbol
calculation instruction set, and

Waveform generator, which contains an alphanumeric generator, and a line
and circle generator. The waveform generator converts digital data from
the CPU into analog waveforms with blanking pulses for presentation on
the display units.

Traditionally, these functions have been included in a single, dedicated symbol
generator for each display unit; however, since the functions are basically identical,
it is reasonable to consider time sharing and relocating some of these functions
such that a single symbol generator can be used to drive two display units.

With minimum symbol requirements, it is feasible to provide appropriate switching
and multiplexing enabling a single symbol generator to drive several displays. This
appears cost-effective,but the symbol generator then becomes a single point failure
and the cost advantages may be lost when redundancy is necessary for reliability
considerations. Another problem is that several typical HUD display modes require
continuous data processing attention as the symbol calculation and writing times
nearly approach the symbol refresh period. In short, the HUD uses the full symbol
generator cycle time capacity and leaves no time for sharing symbol generation time
with other displays. The problem results primarily from the fact that HUDs are
restricted to slow writing rates, e.g., 3000 IPS, in order to achieve the necessary
high luminance output.

One approach for integrating and time-sharing symbol generation functions is
to move the waveform generators from the symbol generators into the display units
and then drive the display units directly from the display computer. Analyses
indicate that this approach tends to wverburden the display computer both in terms
of memory and cycle time requirements and, as a result, would compromise the primary
computer functions.

Another possible alternative is to include the waveform generators within each
display unit, with all displays driven by a single data processor which is in turn
driven by the display computer. This takes the load off the display computer and
allows maximum time-sharing of common symbol-generation hardware. In this approach
the processor initiates a symbol in one display; while that waveform generator is
drawing, the processor initiates the second display and so on. As mentioned above,
the protlem with this metliod is that the processor becomes a single point failure
for the entire display system and a redundant processor would most likely be
required. &




The most cost-effective approach to symbol generation is a concept that
includes a dedicated symbol generator for the time-consuming HUD and a single data
processor for driving both MFD I and MFD II, which include their own waveform
generators., In this manner, adequate flight information remains in the event of
failure of either symbol generator.

2,7.3.9 Considerations of Integrating Energy Management Parameters with Conven-
tional Flight Control Paramaters - Consideration was given to integrating energy
management parameters into the displays along with the conventional flight control
parameters. Symbology and formats were developed for energy management presenta-
tions to be displayed on the HUD and MFD I. MFD I displays were adapted from the
Beyond-Visual-Range Altitude-Mach displays described in Reference (21). EM dis-
plays were generated on the HUD by adding altitude and Mach command indices to the
altitude and Mach scales. '

2.7.3.10 Computer Generated Advisory Information in Discrete Data and Numeric
Form -~ During display format development an analysis was performed to identify
the aircraft flight parameters and system advisories which should be displayed
on the HUD and the MFDs. Alphanumeric windows are provided and allocated to

specific data, e.g., weapon status, aircraft "g", Mach and waypoint data.

2.7.3.11 Advisories for Preflight and Inflight Failure Information - Provisions
have been made to present failure information on the CDC when a failure is detected.
An example of such information is shown in Figure 28. An appropriate warning will
appear on the HUD and MFD I to advise the pilot to check the CDC.

2.7.3.12 Annunciator Displays to Provide Advisory Status and Readout of Selected
DFCS Functions - Flight control mode advisory is provided alphanumerically on the
HUD and MFD I, e.g., NORM, A/G. The CDC provides a number of other advisory
readouts as discussed in Paragraph 2.7.4.5.

2.7.3.13 Conclusions - The major conclusions resulting from the displays analyses
are:
Displays would consist of a HUD, MFD I, and MFD II;
The HUD would be the primary flight instrument for most flight situations;
The CDC would be used for simplified pilot-to-computer communication;

Essential flight data would be hard wired and presented redundantly on
the HUD and MFD I;

Sensor presentations. e.g., Radar and EO, would be displayed on MFD I
or MFD II;

Backup electrical power would be supplied;

Normally only information required for a mission segment would be displayed
while that segment was being flown;

Reference: 21. Pruitt, V. R., "Energy Management Display System for a Tactical
Fighter," Technical Report AFFDL-TR-73-38. Wright-Patterson AFB,
Ohio. April, 1973.
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Emergency Procedures - Flight Control System Failure

o Pertinent high priority threat and fault information would be automatically
displayed when appropriate;

I e i

A dedicated symbol generator would be used for the HUD and a single data
processor for both MFDs; and

S

Alphanumeric windows on the HUD and MFDs would display certain flight
parameters, flight control mode advisory, system status, and failure
advisories.

2.7.4 CONTROLLERS ANALYSES - Analyses and design have been conducted to define
primary controller configurations and the control system mode selection, annuncia-
tion, and fault warning panel configurations. The analyses and design included
controllers for:

RN TN A T Lab i a s

Pitch, roll, and yaw,

Direct-1lift and direct-side force,

Thrust,

Simultaneous selection of flight control mode and pertinent displays,




Preflight operations,
o Data entry and displays, and

o Reset or correction.

The Digital FCS primary controller configuration includes a Side Stick Con-
troller (SSC) for pitch and roll control, rudder pedals for yaw control, a con-
troller for direct-1lift and direct-side force controls and throttles for thrust
control. Control system mode selection is accomplished through keys on the CDC,
or by controllers located on the stick grip and throttle grip.

The controller locations and configuration evolved from consideration of:

o The FDL-MCAIR SFCS flight test program results,
o The FDL-MCAIR High Acceleration Cockpits Study results,
o The FDL-Boeing IIPACS study results,
The results of this program's Pilot Interface Analyses,
o Conceptual engineering models, and
o Full scale design aids representative of the Digital FCS design.

2.7.4.1 Side Stick Controller - Pilot control of pitch and roll is provided by

a side stick controller located on the right side of the pilot's seat in line with
the pilot's normal arm position at his side. Figure 29 illustrates the digital
FCS grip configuration used for the Control Law Simulation. A multifunction
switch operates refuel disengage, IR weapon uncage and nose gear steering. During
control law simulations the evaluating pilots generally disliked the isometric
switch used for DLC and DSF. They stated that the isometric switch provided no
pilot cue to indicate that the operational limit of the system had been reached.

Weapon Release

Gun Trigger

Figure 29
Digital FCS Grip Configuration
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The SSC used during Control Law Simulation was the same one used in the SFCS
and has its pivot point located at the base of the grip. This base-pivot SSC had
an adjustable armrest and an adjustable neutral position. In addition, its
installation provided for some fore and aft adjustment.

During the Control Law Simulation the pilots experienced sensitiveness in
lateral control which they attributed primarily to the SSC. Consequently, the
following changes were made to the SSC prior to the Integrated Control Law and
Display Simulation:

o Up and down and rotational adjustment was added to the whole assembly,

o The armrest of the controller was made adjustable inboard and outboard
with the front portion under the wrist adjustable up and down,

The DLC and DSF isometric switch was altered to provide a small amount
of displacement, and

The position of the DLC and DSF switch was exchanged with the position
of the trim switch.

The weapon release button was deleted. (The weapon release button was
moved to the throttle grip as shown in Figure 30 to alleviate the conflict
of requirements for the thumb to operate simultaneously DLC, DSF and weapons
release.)

Concurrently with the DFCS definition study, a palm-pivot SSC was in its initial
stages of development at MCAIR. The palm-pivot SSC was designed so that the grip
swivels about a point located approximately at its center. To control the airplane
the pilot rotates the grip fore and aft about the point for pitch control and right
and left about the point for roll control. At the conclusion of the Control Law
Simulation, this controller became available for testing. Consequently, a parallel
effort was initiated in which MCAIR pilots evaluated the palm-pivot SSC to determine
its potential use during the Integrated Control Law and Display Simulation; the
MCAIR pilots thought it would be better than the base-pivot SSC. Consequently the
palm-pivot SSC, with improved adjustability, was used during the Integrated Control
Law and Display Simulation.

During the Integrated Control Law and Display Simulation, the evaluation pilots
found the palm-pivot SSC somewhat more comfortable, but still had difficulty tracking.
On the last day of simulationm, it was decided to try again the base-pivot SSC to see
if tracking could be improved. All three customer pilots who evaluated the
base-pivot SSC with the improved adjustability experienced improved air-to-air
tracking. Statistical tracking data was not recorded, but it was visibly observed
to be significantly improved with the base-pivot SSC. It is MCAIR's opinion that
this improved tracking resulted primarily from the relocation of the SSC and through
use of the additional adjustment provided for the SSC and its armrest. All three
pilots during the final debriefing session stated their preference for the base-pivot
SsC.

2.7.4.2 Rudder Pedals - Pilot control for yaw is provided by conventional rudder
pedals. Full pedal travel was approximately 2.6 inches.
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2.7.4.3 Throttles - Pilot control for engine thrust is provided by a throttle
controller located on the left side of the pilot's seat in line with the pilot's

"normal arm position at his side. Figure 30 illustrates the Digital FCS throttle

grip configuration used for evaluation during the Integrated Control Law and
Display Simulation. The evaluation pilots' comments were, in general, that the

switches and buttons on the throttles were well located except that the reach to
the Air-to-Air Mode Select Button was too long.

The principal feature of the throttle controller was its relatively short
travel which was less than one-half that of an F-4. Another feature is that all
of its outputs are electrical. The throttle levers are also electrically driven
to provide visual and tactile pilot cues, although this feature was not used during
man-in-the-loop simulations. A clutch permits overriding the gear train with a
force applied by the pilot. An adjustable armrest similar to the one on the SSC
was provided. The evaluation pilots felt that the throttle location and adjustable
armrest were satisfactory. They felt that the short throw throttle was good, but
actual inflight tight tracking tasks, e.g., aerial refueling and formation flying,
would be required for verification.

RADAR TARGET DESIGNATOR
CONTROLS RADAR ANTENNA IN
AZIMUTH AND RANGE ALSO
DESIGNATES A TARGET

PLANER TURN
GUNSIGHT

STIFFEN

RADAR ANTENNA
ELEVATION

COMMUNICATIONS

SPEED BRAKE

EXTERIOR LIGHTS
MASTER

AIR-TO-AIR MODE
SELECTION

s GUN SRM MRM
WEAPON RELEASE— {FWD)

VIEW LOOKING FORWARD

Figure 30
Throttle Grip Controllers

2.7.4.4 Controller Interrelationship - The controllers analyses included considera-

tion of the interrelationship of the Digital FCS Controllers wIth existing aircraft

system controllers. Controllers for Digital FCS were identified by analyzing all

pilot tasks required to complete the mission functions. The design aid included

panels, displays, and controllers representative of a typical advanced single-place

fighter aircraft. The pilot evaluations concluded that the overall relationshipesse— — -
represented were satisfactory.

2.7.4.5 Computer and Display Controller (CDC) - The CDC is an input-output device

which provides an interface between the pilot and the flight management computer.
The lower portion contains an alphanumeric keyboard and several dedicated page
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select keys which provide for selection of flight control modes, display formats,
navigation flight plans and checklists. The upper portion contains a CRT display
to present pre-flight checklists, flight plans, flight progress, and other data.

The CDC used in simulation was originally designed by the Collins Radio
Company as a control display unit for an area navigation system used in transport
type aircraft. With some modifications, an excellent pilot-to~computer communica-
tion link was devised for use in a fighter aircraft with multimode control laws and
mode-related advanced displays. Figure 31 is an illustration of the CDC. A more
complete description of the CDC operation is contained in Reference (15).

are some examples of CDC operation.
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Figure 31
Computer and Display Controller

To select a control mode, the pilot pushes either the "MAN" page select key

a manual mode or the "AUTO" page select key for an automatic mode. Pushing

the "MAN" key automatically engages the "NORMAL" flight control mode and displays
the CDC page shown in Figure 32. Pushing the "AUTO" key automatically engages
"ATTITUDE HOLD" and displays the CDC page shown in Figure 33. With either the
manual or automatic mode CDC page shown, the mode desired is engaged by depressing
a line select key adjacent to the listed mode. A caret depicted next to the

listed mode and pointing toward the line select key means that the mode is available
for selection without a prior action. To select the vertical navigation mode the
Lateral Navigation Mode must be selected first, then the caret will appear adjacent
to "NAV VERTICAL". To select the Automatic Heading Mode, the desired heading must

first be inserted between the brackets, then the caret will f1lip over and point
towards the line select key.

for

61

S - . s e




Pushing the Key Labeled
“Man” Engages the ‘’Nor-
mal” Flight Control =e———as Man
Mode and Displays the
CDC Page Shown

o —————le

r (@) <-DIGIPACT

i = <-FIXED CANARDS

3 . [ SO

| Selection of Any [C]}-f (-A/A COMBAT [:]

¥ Line Key Engages — ]
' the Mode Listed 3+ <-BOMBS %
{ [ Y
{ O <-AsG GUNS

—-—
NS c-carrier Land HGS

. —
l Rldtdile e @)\9

**< —" Means the Adjacent Line Key

1 is Available for Selection
4 i Figure 32
FCS Manual Mode Selection on CDC
l Pushing the
"Auto’’ Key Engages
| Attitude Hold Auto
and Displays the
i Page Shown

- e ;

AUTO FCS MODES
=  <-ALTITUDE HOLD
| Salection "y it o
of Lina o C(-NAL LATERAL
-y ALTO
Key = NAV VERTICAL (L]
Engages | — auTO -
Made (&= C=2LS ,%
| WY AuTO
Listed Cr-| <-CARRIER LAND
| —y PRESELECT
&) >ueadIng [ 10 G

- 1]
Lt dele &= e

ny cvm

"< —" Means the Adjacent Line Key
is Available for Sslection

Figure 33
FSC Auto Mode Selection on CDC
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. ¥ The simulation results indicated that a consistent means of selecting all
4 flight control modes should be utilized, i.e., the "MAN" key should call up the
| list of selectable modes but not engage the Normal Mode.

| Pushing the "FLT PLAN" key displays the flight plan page as shown in Figure 34.

1 Listed on the page are all waypoints or checkpoints with the altitude at which the

' flight plan prescribes they be passed. The top listed waypoint is the next one to
be passed. The course the pilot has selected to fly to the waypoint is noted above '
the waypoint name. To the right of the course notation is shown the pilot selected i

left or right offset from the original course. The flight plan can be slewed and
waypoints can be added and/or deleted.
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Flight Plan on CDC

Results of simulations showed that operation of the CDC was easy to learn.
The pilot-computer interface concept demonstrated was readily accepted by evaluation
pilots. Controller functions integrated into the CDC were limited by program-scope
to those directly related to multimode flight control and pertinent displays.
However, a number of other controller functions are attractive candidates for
integration and time-sharing, e.g., Inertial Nav, Communication, IFF, Radar and EO

Sensors. Potential benefits to be derived from integration and time-sharing of
other controller functions are:

1 o More efficient use of panel space,
0 Increased pilot efficiency, and
o Reduced cost of ownership.

Fe—




2.7.4.6 Conclusions - As a result of the evaluation pilots comments made during

the Integrated Control Law and Display Simulation the following conclusions have
been made:

o

; o In general, the location of the SSC and throttles in the cockpit was 3
; satisfactory; 1
% 0 The Air-to-Air Mode and Normal Mode selection through controllers located

i on the throttles and SSC, respectively, was well liked because it permitted

! hands-on-controller operation during periods of high activity or stress;

3 0 The Direct-Lift and Direct-Side-Force controller should provide a small

il amount of displacement;

3 0 The base-pivot SSC was easier to learn and permitted more effective tracking;

o The SSC mechanization, e.g., grip sha

pe, travels and breakout forces, needs
improvement ;

0 The switches and buttons on the throttle are well located, except that the
reach to the Air-to-Air Mode select button was too long; and

The short~throw throttle was satisfactory in simulation, but needs to be
] evaluated in flight.

To accommodate different size pilots all side-mounted controllers need pro-
visions for:

o Up and down adjustment with the seat,
0 Rotational adjustment,
0 Inboard and outboard adjustment of the armrest, and
o Up and down adjustment of the armrest under the wrist.
i The CDC was considered outstanding. The simulation results indicate that:

k| o The simultaneous selection of a flight control mode and its related
display through the CDC was '"super";

o The CDC operation and switchology was easy to learn;
[ o The CDC data update rate should be increased;
l 0 Selection of the Normal and Attitude Hold Modes via the CDC should be accom-
R | plished using the CDC line select key rather than being engaged simul-
1 taneously with the selection of the page "MAN" or "AUTO"; and

0 Completed portions of the flight plan should remain available for recall
by the pilot.
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2.8 MULTIPLEX ANALYSIS

The application of digital computers to the flight control system suggests that
nultiplexing and digital signaling between the digital computers, sensors and actu-
ators might offer significant advantages. Accordingly, the application of multiplex-
ing to DFCS was investigated and the analysis is summarized below.

2.8.1 TRANSMISSION NETWORK — The first basic decision relative to the structure of
the multiplex network candidates was that multiplexed signaling, if used, should be
channelized, i.e., should have the same degree of redundancy as the computers. This
decision is dictated by safety and reliability considerations and does not make maxi-
mum use of multiplexing, since it would clearly be possible to transmit data from
redundant sensors over a single multiplex transmission line to each of the redundant
digital computers. Having decided on a channelized multiplexing arrangement, three

candidate networks were analyzed. The networks represent a typical Digital FcS
Channel and are presented in Figures 35, 36, and 37.

Displays S S S
Siu Siu Siu Siu
MTU MTU MTU MTU
1/0 Symbol Code

SIU = Sensor Interface Unit

! MTU = Multiplex Terminal Unit
Multiplex 1/0 = Input/Output
Command S  =Sensor, Controller
Terminal Transducer or Actuator
Advantages Disadvantages
® Growth Capability ® High Relative Complexity
® Parts Commonality ® High Relative Cost

® High Data Capacity
® Short Circuit Isolation

Figure 35
Party Line Muitiplex Network

Figure 35, Party Line Multiplex Network, has all of the advantages which have
justified its use in current aircraft electronic multiplex systems. However, the
growth capability of the party line network may not be realized since the probability
of adding sensors, transducers Or actuators to the inner loop of a flight control

system is low. The added complexity and cost of this type of multiplex network does
not appear to be warranted.

Figure 36, Area Multiplex, re
ity and cost. The analysis did no
tion of area multiplex terminals.

presents a middle ground with respect to flexibil-
t indicate that the advantages warranted installa-
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MTU MTU

Nose L Cockpit I

Symbol Code I
SIU = Sensor Interface Unit /0
MTU = Multiplex Terminal Unit
I/0 = Input/Output Multiplex
S =Sensor, Controller, Command
Transducer or Actuator Terminal

Advantages Disadvantages
® Moderate Comple_xity ¢ Not Easily Expanded
® Moderate Cost ® Limited Growth
® Moderate Data Capacity

Figure 36
Area Multiplex
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I Computer Unit Computer
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Symbol Code
SIU = Sensor Interface Unit

MTU= Muitiplex Terminal Unit
I/0 = Input/Output
S = Sensor, Controller, Transducer or Actuator

Advantages Disadvantages
® Low Relative Cost and Complexity ® Common-Mode Sampling
® Time Shared A/D Conversion ® Limited Data Capacity
® Simplified Digital Signaling ® Short Circuit Susceptibility
® Simplified Time-Slot Address

Figure 37
Central Digital Interface with Display and Flight
Management Computer Multiplex




Figure 37, Central Digital Interface with Display and Flight Management Computer
Multiplex, represents a network which uses dedicated wiring for the redundant sensors,
transducers, and actuators, but utilizes multiplexing for the non-redundant display
and other simplex outer loop sensors which are utilized by the Digital FCS. This
scheme makes the redundant flight control system compatible with use of a party line
multiplex network which is connected to the display and flight management computers,
which in turn are connected to the outer loop sensors of the aircraft. Multiplexing
in this area may offer advantages because it is likely that the outer loop sensors in
advanced aircraft will be connected by a multiplex network and it is also more likely
that any growth of the flight control system after initial installation will occur in
the area involving simplex outer loop equipment. For example, additional automatic
modes might be added to the flight control system by providing additional inputs to
the Digital FCS over the abovementioned multiplex transmission line.

2.8.2 TRANSMISSION METHODS - Analysis indicates that the transmission method which
is most appropriate for the Digital FCS is a transformer-coupled, balanced transmis-
sion line to provide a high degree of noise rejection. The balanced line also per-
mits use of a twisted-shielded-pair to minimize mutual coupling of noise fields.
Biphase-level (Manchester II) baseband signaling is used to provide low bit-error-
rate and self clocking operation.

2.8.3 DATA BUS OPERATION - The data bus operation recommended for the Digital FCS
is a command-response type control to transfer sensor data to a central digital
processor in response to software initiated commands. Consequently, data is con-
stantly available for processing at the current sequence in the computational cycle.

Asynchronous decoding uses the inherent signal transition in each bit of biphase
data to establish timing.

Since timing in the asynchronous receiver is derived directly from the data bit
stream, there is no need for external sources of timing. In contrast, the propaga-

tion delay between clock and data in synchronous operation imposes a practical limit
on transmission line length.

2.8.4 MULTIPLEX TERMINAL - The recommended multiplex terminal arrangement is an
asynchronous biphase integrating receiver. The integration technique is used to
measure time between axis crossings; consequently, a significant pulse-to-pulse
jitter can be tolerated without causing errors in the detection process. As a
result, the integrating receiver has a lower bit-error-rate for a given signal to
noise level than pulse-gated, one-shot receivers.

2.8.5 CONCLUSIONS - The analysis indicated that multiplexing of the redundant,
analog inner loop sensors, transducers and actuators was not justified because of

the relative simplicity of the wiring and low probability of changes after initial
system verification.

Multiplexing between the digital interface unit, and the display and flight
mangement computers appears to be appropriate and advantageous. The transmission
methods, data bus operation and terminal configurations were determined. The
multiplexing techniques recommended are compatible with MIL~-STD-1553.




2.9 LIGHTNING PROTECTION

The lightning protection scheme and analysis for the Digital FCS aircraft is
summarized in the following paragraphs.

2.9.1 THREAT DEFINITION - A lightning strike threat for the Digital FCS aircraft
was defined. The lightning strike model is presented in Table 5 and Figure 38. A
comparison between the Digital FCS lightning strike model and the lightning model
of MIL-B-5087 is presented in Table 6.

Table 5
Digital FCS Lightning Strike Model

Return Strokes

Peak

Time

Model

Intermediate
Current
Model

Continuing
Current

Between
Strokes
{ms)

Charge
{C)

Current

Current, I,
(kA)

Ch |
(KA} arge

c | Charge
(C) (A)

{C)

li
(kA)

200{4) | ~12 206 9 ~8

60
~6

103 9 ~8

100
) 60
100

~6 103 0

Stage (3)

~160

Total Charge

~24{1
Transformed 241)

~16(1) ~160{(1)

{1)= Total Charge Transferred = 200C, Total Strike Duration = 0.5 sec

(2)= The time history for all strokes is defined by | (1) = I, (e=%—e—BY) + |; (e=7t—e—5Y)
witha=1.7x10%s~18=35x 108%571 y= 10351 5 = 104 s~1. The time to peak
current is 1.5 us for all strokes. The time to half-value is 40 us for all strokes.

(3)= Final stage continuing current (| ) duration = 400 ms

(4)= Action integral = 1.9 x 108 ampere2 - seconds

The rationale for utilizing this model is summarized as follows:

o It is representative of the highest currents to be expected (98% of the
strike data surveyed is lower).

The rise time is representative of the fastest rate of rise expected and is
still practical for simulation (98% of probable strikes will be slower).

The number of strokes per strike, interval, half amplitude decay time and
coulomb transfer represent mean values. This is considered appropriate
since a high performance aircraft, even at landing speed, will have trav-
eled through an established strike channel in less than one half second.

The model assumes a2 subsystem is sensitive to high peak currents, high total
charge transfer, high di/dt, high charge transfer in a single stroke, and
insensitive to stroke interval. 1In the latter case, in the event that sub-
system information rates are considered a factor, the interval may be varied
to evaluate vulnerability.




N .

-
R

106

2x10°

10°
Current 15pus
1
& a0 us
103
400 A
1°2'l] 60 66 120 500
Time - ms
Figure 38

Digital FCS Lightning Strike Model

Table 6

Lightning Strike Model Comparison

MIL-B-5087 | Digital FCS Study*

Lightning Strokes/Strike 1 3
Peak Current {kA) 200 200
Rate of Rise (kA/us) 100 133
Follow on Current None 400 A for 380 ms
Total Coulomb Transfer 5.5 200
Mean Decay Time to 1/2 Value (us) 20 40
Intermediate Current Level (kA) None 9
Estimated Percent of Lightning

Strikes Covered 10% 50% (Mean)

“Based on Severe Applied Lightning Model per
Stanford Research Institute Contract
Report L.S. -2817-A 3 August 1972
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2.9.2 ATTACH ZONES - Lightning strike attachment on any aircraft can be divided
into zones. There are four basic aiicraft lightning zones. These are:

o Direct attachment zones,
0 Swept stroke zones,
0 Current transfer zones, and

o Clear zones.

Direct attachment zones of interest are those where lightning initially
attaches or exits. These are the nose, canard tips, wing tips, wing pylons and
stores, and empennage extremities (rudder and stabilator tips). It can be shown
that on a high performance jet ailrcraft, configuration dependent electrostatic
criteria will 1limit the direct attachment points to those mentioned with very few
exceptions. A swept stroke zone is an area in which a lightning stroke is swept
back from the initial attach point by the airstream. This is the direct result of
the aircraft flying through or away from an established lightning channel. The
swept stroke zones are easily defined as the locations behind direct attach zones
such as fuselage and possibly the wing torque box. The current transfer zone is
an area through which lightning current passes, but which is outside of the direct
attachment or swept stroke zones. These areas must transfer the lightning current
between the attach and exit points. The remaining area is a clear zone. These
are areas where lightning does not attach and associated current does not pass

through. For the lightning vulnerability study, the only zone of interest is the
current transfer zone.

2.9.3 VULNERABILITY EVALUATION - The lightning strike threat described above was
applied analytically to the Digital FCS. Quantitative values of voltage and time
duration of electrical transients resulting from the assumed lightning strike model
were calculated and are summarized in Table 7.

The vulnerability analysis thus identified potentially vulnerable wires and
circuits and the magnitude of the potential lightning transients.

2.9.4 PROTECTIVE MEASURES DEFINITION - Having determined the potentially vulnerable
wires and circuits of the Digital FCS, protective measures were devised in an

attempt to cope with the potentially disruptive effects of the assumed lightning
strike.

It is planned that the results of this analysis will be used to provide
specification requirements relative to lightning protection measures for Digital
FCS equipment and provide guidelines for aircraft design so that appropriate
lightning protection will be provided in the Digital FCS test aircraft.

2.9.5 TEST CRITERIA AND FACILITIES - A summary of lightning test criteria and
facilities appropriate to verify the lightning protection provisions of the Digital
FCS aircraft was prepared. The analysis indicated that full scale (high current
and high voltage) lightning tests on the complete aircraft would provide the most
credible data relative to vulnerability to lightning. However, it is recognized
that full scale lightning tests involve potential risk to the aircraft and/or the
installed equipment being evaluated. It was further concluded that nondestructive,

70




il %

i [l =

A

v

Table 7 .
Lightning Vulnerability Analysis Summary

' Circuit
Nl e Induced : Function
Circuit Identification Duration Damage
Voltage/Current Affected Potential
Multiplex Transmission Line
(Forward Area) 15.6V =1 us Yes | Marginal
(Full Fuselage) 26V =1 us Yes | Marginal
Secondary Actuator Servo Valve 6 ua =150 us No Marginal
Secondary Actuator Pnsition 2.5V =1 us, No No
Feedback Secondary 0.3V 4.25 kHz 1 Cyc
Secondary Actuator AP 30.5V =1us No Marginal
Demodulator Secondary 5V =40 us No
Input to Secondary Actuator
Shut-0ff Valve and AP and
Position Primaries 61V =1 us No No
Side Stick Command Demodulator 18v =1us No | Marginal
Secondary 5V 8.8 kHz 1 Cyc
Rate Gyro Demodulator 36V =1 pus No Marginal
Accelerometer k{11Y] =1us No Marginal
Rudder Pedal Transducer 36V =1 us No | Marginal
DC Power 57Vx10° =1us Yes Yes
Secondary 3.0Vx103 | =160 us
(Opposite Polarity)

Marginal: Voltage or current is below damage or upset level but within the safety margin
of 10to 1

transient analysis type lightning testing would provide data which could be extrapo-
lated to estimate the potential effects of full scale lightning strikes. It is
planned that transient analysis tests will be conducted on the test aircraft.

2.9.6 COMPOSITE STRUCTURE CONSIDERATIONS - Composite materials, which possess
superior structural properties when compared to conventional metallic materials,
are being developed for use in future tactical aircraft. The composite materials
currently being developed and evaluated are vulnerable to lightning strike damage,

and may provide little or no lightning protection for wiring or equipment installed
behind them.

The most common composite materials being considered at this time are boron
epoxy and graphite epoxy. When compared to metal, these composite materials are
poor conductors of electrical current. This relatively poor conductivity is the
reason for their vulnerability to lightning.

The effect of lightning on a tactical aircraft, utilizing composite structural
parts ard fly-by-wire flight control, is basically two-fold. First, lightning may
cause structural failure of the composite structure and this effect presents a
hazard to the flight integrity of the aircraft. Secondly, lightning may penetrate

a composite structural part of the aircraft and enter directly or induce an effect
in the fly-by-wire flight control system.
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Investigation of composite protection methods reveals seven basic approaches
which are:

o Thin metal strips over the composite area separated by a dielectric coating,
o Overall metal coating of the composite area,

o Metal mesh overlays,

o Bus bars,

o Graduated impedance ionization strips,

o Diversion (around or away), and I

o Dielectric coatings.

When replacing portions of an airframe with composites, specific approaches will be
required to provide solutions for the specific problem areas. The protection

approach considered for any particular composite area or structure is dependent
upon the zone of interest.

One point, which becomes apparent, is that all of the suggested lightning
protection techniques end up adding weight to the aircraft. The weight of lightning
protection provisions shculd be added to the weight of the composite in determining
overall weight advantage of the composite over conventional metal construction.

Once the approach is established the primary objective is still to keep light-
ning currents out of composites and direct the current to metallic structure for
diversion and control. 1In addition, the current transfer paths across composite
structures from the attach points to the airframe must be designed with as few bends
or twists as possible to reduce the resultant inductance to a minimum.

2.9.7 CONCLUSIONS — A lightning strike threat model was selected. The model was
used to analytically evaluate vulnerability of representative DFCS circuits. Pro-
tective measures, aimed at reducing vulnerability of circuits identified as poten-—
tially susceptible were summarized. Considerations relative to lightning testing
and composite structure considerations were evaluated. The approach used in the
lightning protection analysis proved to be satisfactory, and appears to provide a
coherent approach for defining lightning protection design and test criteria for a
digital or analog fly-by-wire system in any fighter type aircraft.
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2.10 ELECTROMAGNETIC COMPATIBILITY (EMC)

An EMC analysis of equipmunt of the types needed to implement the DFCS was
conducted. The EMC analysis considered equipment and wiring to implement both
analog and digital signal transmission. Particular attention was directed toward
equipment which was different from that used to implement the SFCS, e.g., digital
computers and electronic displays.

A conventional scheme for implementation of EMC of the DFCS has been identified
and is summarized below.

2.10.1 EMC BONDING TECHNIQUES - Electrical bonding is recommended for application
to the DFCS and aircraft per MIL-B-5087B as provided by MCAIR Process Specifications.
Electrical bonding comsists of direct metal-to-metal contact of DFCS related compo-
nents (units-to-structure, shields-to-chassis) to provide a low impedance path.

This will help ensure that the DFCS system and subsystems are electrically stable

and free from static discharge and electrical shock hazards. In addition, bonding

establishes the equipotential base for DFCS radio frequency (RF) emission control
and suppression.

2.10.2 EMI GENERATION AND SUSCEPTIBILITY CONTROL - It is recommended that control

of DFCS equipment EMI generation and susceptibility be accomplished through the
application of appropriate portions of MIL-STD-461, Notice 3 and MIL-STD-462,

Notice 2 (subsystem electromagnetic interference control design and test require-
ments respectively) on all DFCS and related equipment. For those subsystem units
which have been previously developed to earlier specitications, parts of MIL-STD-461,
and 462 will be specified to establish the same EMC confidence as the newly developed
equipment.

2.10.3 EMC GROUNDING PROVISIONS - It is recommended that the grounding technique
for the DFCS adhere to the single point ground concept for all DFCS circuits includ-
ing the DFCS power control, with the exception of RF shields. This concept requires
that all subsystem interface circuits be grounded at one end only and be electri-
cally isolated for both AC and DC at the other. It is planned that the single point
ground concept will be specified to all subsystem manufacturers. The single point
grounding of interface circuits will help to eliminate ground plane induced noise

in the system.

2.10.4 EMC AIRCRAFT WIRING TECHNIQUES - Aircraft wiring guidelines will recommend
that analog and digital flight control signal circuits be shielded. It is planned
that noise generation and immunity in power and discrete logic wires will be con-
trolled by filtering and that the shields of DFCS analog circuits will be grounded
at the signal source end (or interface ground point) for maximum effectiveness.

Tt is also planned that digital circuits will have RF shields grounded at both ends
and at all breaks. RF shields are recommended because digital signals have high
frequency components due to the fast rise and fall times of the information
transfer.

Wire or cable separation is another aircraft wiring technique available for
EMI coatrol. Of particular concern in aircraft wire-to-wire coupling analysis are
the aircraft primary power and RF transmission lines. To reduce the probability of
rhese lines affecting the DFCS, their routing will be maintained at least six
inches from DFCS wiring and/or cabling where feasible.
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2.10.5 SUBSYSTEM INTERFACE CONTROL - Without interface control, other EMC design
considerations are either partially or totally ineffective. Interface control
involves establishing system input or output circuit configurations with EMC as an
objective. One of the better circuit configurations for common mode noise rejection
and utilization of other EMC techniques is a balanced pair (source and return) with

respect to ground. It is therefore planned that all DFCS digital lines will utilize
this type of interface.

2.10.6 CONTROL OF DEGRADING EFFECTS OF AIRCRAFT ENVIRONMENT - Control of degrading
effects of the aircraft environment on the DFCS requires maintenance of the fuselage
as a continuous, low impedance, enclosed structure thereby providing an equipotential
ground plane for RF shielding. It is planned that structural discontinuities such

as hinged doors and inspection cover plates will be examined to ensure that proper
bonding is maintained. Any non-conductive skin section additions will be analyzed

to determine if aircraft and DFCS wiring or equipment should be relocated.

2.10.7 CONCLUSIONS - The EMC techniques summarized above provide comp.~ehensive
coverage against EMI relative to the DFCS installation. Total system testing will
generally follow MIL-E-6051D. Implementation of EMC based on the scheme summarized
above has proved to be adequate on current and past programs at MCAIR. There is
always some potential for problems resulting from inadequate EMC on an ADP such as
DFCS. However, it is anticipated that with proper attention to the schemes and
guidelines summarized above, satisfactory EMC will be achieved.
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2.11 BUILT-IN TEST AND INFLIGHT INTEGRITY MANAGEMENT (BIT AND IFIM)

2.11.1 GENERAL - As used in this report, BIT is a sequence of tests conducted on
the ground to validate and/or troubleshoot the system. IFIM is a sequence of tests
conducted while the system is operating, to monitor performance. The BIT and IFIM
studies were conducted in conjunction with the Redundancy Management and/or IFIM
Analyses. The areas of investigation for these studies were complementary. The
redundancy management and/or IFIM analyses summary, Section 2.12, addresses the
areas of common interest and specifically covers the IFIM. The functions of pilot
preflight, maintenance preflight, and maintenance troubleshooting are combined into

a single test program with subroutines for expanded tests as discussed in the
following paragraphs.

9.11.2 BUILT-IN-TEST - The Built-In Test (BIT) is planned to be designed to permit
rapid and positive organizational level maintenance of the DFCS, without the need

for special test equipment or highly skilled technical personnel. Fault detection to
a module level is not planned. Detected LRU faults will be reported and identified.
Electronics can be tested and fault isolated with or without application of hydraulic
power. This provides for a reduction in actuator wear, minimizes manhours to repair,

minimizes AGE or GSE requirements, facilitates deck handling, and increases aircraft
availability.

BIT will be inhibited by series interlocks. A BIT initiate switch must be
energized external to the cockpit by a ground crewman before the cockpit BIT initi-
ate switch can be energized. This is to permit visual checks from ground level to
assure that all surfaces are clear and safe to operate. Additional provisions will
be implemented to preclude inadvertent activation of the BIT program in flight.

BIT verification will be by analysis and by test. It is planned that the BIT
verification test will evaluate functional failures based upon a failure modes and
effects analysis and a hazard analysis which identify all failures. Flight safety
and mission critical failures, and a random selection of faults will be induced in

the equipment to verify that the monitoring schemes are capable of detecting and
isolating faults to the desired levels.

The time to perform BIT, excluding time for test preparation, is estimated to
be as follows:

BIT (with hydraulics) 20 seconds (triplex)

29 seconds (quadruplex)

ne lie

10 seconds

e

BIT (without hydraulics)

The BIT scheme is planned to be a software controlled test. Maximum use will
be made of IFIM monitors to detect and isolate faults. Dynamic stimuli will be
inserted at discrete intervals during the test in order to exercise those elements
of the system that are not amenable to static test. Sensors, controllers and
actuators will be exercised and the resulting outputs compared, voted, and in-line
monitored to check proper operation. The computers will be self-tested, cross-
channel monitored and voted. Fault isolation subroutines will be automatically
initiated when a test failure result is ambiguous. Failure threshold settings for

BIT may be tighter than IFIM in order to detect marginal conditions or incipient
failures.

The overall BIT scheme flow diagram is illustratec in Figure 39.
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Top Level Flow Diagram Depicting Preflight BIT

] 2.11.3 INFLIGHT INTEGRITY MANAGEMENT (IFIM) - IFIM will be implemented using

i in-line monitoring, cross-channel monitoring and data reasonableness as discussed
in Section 2.12.

2.11.4 DEDICATED HARDWARE VS SOFTWARE FOR BIT AND IFIM

Analyses were conducted to evaluate the advantages of using hardware vs software

to implement the various schemes for BIT and IFIM. The analyses are summarized as
follows:

o Signal conditioning requirements were identified which could only be

accomplished by hardware. These functions are not candidates for imple-
mentation in software.

o Monitoring tasks which can be accomplished by hardware or software, can be

accomplished equally well by hardware or software. Performance was there-
fore not a trade-off issue.




2.11.5

Implementation of monitoring tasks in hardware rather than software always
results in a higher channel failure rate (because of the failure rate of the
added parts) and consequently results in a higher probability of loss of
control.

Monitoring of analog signals can be more easily accomplished by a hardware
monitor (no analog to digital conversion is required). However, no require-
ment for monitoring a signal where both the input and output were in analog
form were identified.

There is no known way to accomplish the actuator monitoring scheme presented
in Section 2.12.7 using hardware.

Examples of monitors which are planned to be implemented in hardware include:

o Power supply monitors, and

o Dead man timers.

CONCLUSIONS
BIT should be a manually initiated, software controlled test.
IFIM monitors should be used to detect faults.

BIT should be carefully designed to assure that BIT operation in-flight is
inhibited.

A BIT Verification Test should be performed as part of the Flight Worthiness
Test to validate the BIT design.

Whenever there is a choice between hardware and software for implementation
of a BIT or IFIM monitor, a software monitor should be used.
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2.12 REDUNDANCY MANAGEMENT AND/OR IFIM ANALYSIS

2.12.1 GENERAL - Redundancy management and IFIM are defined as follows:

In Order to Assure Safe Aircraft Operation and Achieve a Required High
Probability of Mission Success, Redundant Flight Control Units (Computers,
Sensors, Actuators, etc) and Redundant Channels are Required.
The Prorass by Which:

® System Units are Monitored,

® Faulty Units are Detected and Isolated from the System, and

® The Remaining Good Units are Reconfigured

Is Defined as

Redundancy Management

Functional implementation of this Process Includes:
® Cross-Channel Monitoring, and
¢ In-Line Monitoring, and

Is Defined as
In-Flight Integrity Management (IFIM)

When Implemented Properly, the FBW System will be

Fault Tolerant

Figure 40 shows that faults are detected by crcss-channel and in-line monitoring
and that recovery from faults is achieved by system reconfiguration. Some important
considerations in implementing cross-channel monitoring are shown in Figure 41.
Similarly, some important considerations involved in in-line monitoring are shown in
Figure 42. Some techniques that can be used to reconfigure the Digital FCS to iso-
late and recover from faults are given in Figure 43.

Six initial candidate configurations were selected for analysis by MCAIR and
three subcontractors (GE, Honeywell and Lear Siegler). The initial candidates

ranged in complexity from simplex to quadruplex and other arrangements with degrees
of redundancy between the two extremes.

After preliminary analysis of the initial candidates, three sound candidates
were selected for detailed investigations of safety, mission performance, flexibility,
pilot factors, reliability, survivability, maintenance and relative cost. Figure 44

illustrates the approach to Configuration Development and lists the initial and sound
cendidate configurations.
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Faults are Detected by:
® Cross-Channel Monitoring
¢ Yields High Coverage (— 100%) of First Fault
¢ Minimum Disruption of Normal System Operation
® In-Line Monitoring

¢ Provides Fail Operational Capability with Two Channels

)

Faults are Isolated and Recovery from Faults is Achieved by:

o System Reconfiguration

Figure 40
Fault Detection and Isolation

® Number of Voting Planes
o Sensor and Controlier inputs to Computer
¢ Intermediate Computed Parameter
e Computer Outputs to Actuators

® Computer Monitoring of Actuators
¢ AP Comparison

® Redundant Data Comparison and Voting
o Signal Selection
® Averaging
® Computer Synchronization
¢ Bit by Bit
¢ Frame

o Comparison of Intermediate Computational Results
o Asynchronous

® Computer interchange of Redundant Data

Figure 41
Important Considerations in Cross-Channel Monitoring




® Computer Self-Test

e Computer Test of Sensors and Controllers
e Data Reasonableness
o Torquers
¢ Dither

o Computer Test of Actuators
e Actuator Models

e Computer Test of 1/O and Multiplex
e Parity
e Wraparound
¢ Rebound

e Computer and Hardware Test of Power Supplies

e Data Reasonableness

Figure 42
In-Line Monitoring Considerations

® |solate Failed Element
e Code Input Data from Failed Element to Identify it as Invalid
e Computer and 1/O Restoration

Two Examples:

e Transient Failure Temporarily Affects a Computation
Solution: Program Roliback

e Data in Memory is Permanently Altered
lution: Reload Memory from Good Computer

Alter Modes

e Substitute Prime Data Source with Computed Data
® Change Gains to Compensate for Faults

e Alter Priority of Computations

Figure 43
System Reconfiguration Techniques
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Initial Candidates

" Quadruplex DFCS
® Comparison Monitored Three Sound Candidates
Triplex (3-3-3)
Quadruplex DFCS A )® Comparison Monitored
2 |® Comparison Monitored ® In-Line Monitored
® Area Multiplex
3 Simplex DFCS with Quadruplex-Triplex-
Analog Backup Quadruplex (4-3-4)
8 ® Comparison Monitored
4 | Triplex-Quadruplex DFCS ® In-Line Monitored
5 Tiiplex DFCS
® In-Line Monitored
c Quadruplex (4-4.4)
" : y
Triplex DFCS Comparison Monitored
6 |® In-Line Monitored
® Area Multiplex

Note:

Numbers following configuration name indicate levels of redundancy
for sensors, computers, and actuators respectively

Figure 44
Configuration Development

2.12.2 REDUNDANCY MANAGEMENT REQUIREMENTS AND ISSUES - Analyses were conducted to
establish a redundancy and fault tolerant scheme for the candidate DFCS configura-

tions. The analyses have considered the issues that are summarized in the following
paragraphs.

2,12.2.1 Coverage
Objective
The objective of this study was to show the effect of coverage on the probability

of loss of control function. Coverage is the probability of detecting, isolating,
and recovering from a fault or failure.

Conclusions

o The first fault coverage for a triplex system and the first and second fault
coverage for a quadruplex system must be high (greater than 0.99985) as
shown in Figure 45.

o High first-fault coverage (essentially 1.0) can be achieved using force-
summed secondary actuators because the minimum coverage is equal to the
reliability of the isolation device (3 x 10~14 failures per operating hour).

o The equation for second fault coverage in a triplex system is given in

Figure 46. TFor the set of representative coverage and failure rate numbers
shown, the second fault coverage is 0.944.
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J o Given a first fault coverage of one and the set of failure rates and
coverages of Figure 46, the failure probability of a triplex system is less
than that allowed by the SOW (one failure per 1.5 million operating hours)l.
This is shown in Figure 47. This demonstrates the feasibility of a triplex
DFCS using in-line monitoring of second fault failures.

M i

o A group of generic quadruplex and triplex systems are compared in Figure 48.
Quadruplex system Q-1 has a third fault coverage of 0.95. To achieve this

é level of coverage requires the same in-line monitoring techniques used in
| the triplex system. System Q-2, on the other hand, requires only a simple
"heads-or-tails'" test for third fault coverage. Since its probability of
loss of control is much better than required (one failure per 1.5 million
operating hours), it would appear to be the preferred quadruplex system.
Triplex system T-1 has a second fault coverage of 0.95 which is conserva-
tive and readily achievable with known in-line monitoring techniques. It
is theoretically possible to achieve a second-fault coverage of 0.99 and the
probability of loss of control showa by T-2. For any triplex system to have
as low a probability of loss of control as quadruplex system Q-2 requires a
second fault coverage of 0.9996 (system T-3) which is extremely unlikely.

NOTE 1: The Statement of Work reliability goal is no more than two failures
per 106 flight hours. For purposes of the analysis it was assumed

4 that the ratio of operating hours to flight hours was three. The

: SOW therefore requires no more than 2 failures in 3 x 106 operating

hours or no more than 1 failure in 1.5 x 106 operating hours.
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Figure 45
The Importance of Coverage
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Figure 46
Second Fault Coverage (X2) in a Triplex System

(10x 10-6)

I
Second Fault
Coverage

\

o oo

m——
One Fallyre in — (1 x 10"5)

1.5 x 10° Dperating
Hours =

\

i

Probability of
Loss of
Control

‘
|
:
¥
P
1
¥
[t
3
E
5
§
}
|
i
.{
|
¥

KL. \,
2l 2

\\

(0.1 x 10-5)

Failures per
Operating
Hour

10-8 (0.01 x 1079)

A

PARAIAR Y

109 (0.001 x 10~6)

»=800x 108
1

~10
10708 1.0 15 2.0 25

Channel Failure Rate per Hour, A (x 10-3)

(0.0001 x 10~6)
30

Note: First Fault Coverage = 1.0
Coverage = the Probability of Detecting, Isolating and Recovering from Failures

Figure 47
Triplex System Failure Probabilities
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Objective

The objective of the study was to define the redundancy management functions to
be mechanized in software and in hardware.

R R g R R — g e, B T

Conclusions

o If hardwired cross-strapping of sensors is done (in addition to sensor
digital data exchanges), comparison monitoring and signal selection should
be done in hardware to keep the computation load down.

If only data exchanges are used for sensor crossfeed, then the following
conclusions are reached:
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For a quadruplex system, neither a hardware nor a software mechanization
shows significant advantages over the other.

For a triplex system, the computational load is reasonable and sensor
redundancy management should be done in software.

Secondary actuator monitoring, equalization, and mode engage logic should be
done in software to provide hardware savings and ease of fault isolation
and preflight self-test.

2.12.2.3 Pre-Sampling Filters for Providing Adequate Input Resolution and Filtering
Prior to Digital Data Conversion

Objective

The objective was to determine the applicability of analog prefiltering of
sensor outputs.

Conclusions
First order analog prefilters should be used.

Use of analog prefilters dramatically reduces sample rate required to provide
satisfactory performance with realistic sensor noise and turbulence.

Minor additional savings can be obtained by using a control law filter as a
pre-filter where applicable.

2.12.2.4 Redundancy Degradation with Time

Objective
The otjective was to determine the impact of time-dependent failure modes on
reliability and on periodic testing requirements. Expressed another way, what

failures cannot be detected by BIT and IFIM?

Conclusions

Undetected failures can have a significant impact on probability of loss of
control as shown in Figures 45, 47, and 48.

BIT and IFIM can detect sufficient failures to make periodic testing
unnecessary.

2.12.2.5 Single Point Software Errors

b jective

The objective was to study the feasibility of non-identical programs in
redundant channels to preclude single point software errors.




Conclusions

o Non-identical software programs are more costly than a single program.

i o Software design, programming standards, verification and control procedures

4 can provide a high degree of confidence that no catastrophic single-point
software errors exist.

o A dissimilar channel, e.g., analog or fluidic, is preferable to non-identical
i software as a means of compensating for single-point software errors.

| 2,12.2.6 Common Mode, Cascaded and Propagated Failures

!

4

g Objective

: !

1 The objective was to assess the probable impact of single-point failures on a

fly-by-wire mechanization.

Conclusions

o Single-point failures could be a dominant factor in determining system
1 probability of loss of control (see also Section 2.15).

o Cross-channel monitoring algorithms must be selected with care to prevent
" cascade-type failures.

[Tl i

o Interconnections between redundant channels should be minimized to limit
potential for propagated failures.

o Extreme care must be taken in the design to minimize single point failure
probability.

o System configurations with a large number of voting planes increase the
potential for common mode failures. This is one of the reasons why it is
recommended that the additional voting planes be limited to planes B and C
in Figure 49 (see Section 2.12.5) so that data cross-strapping is confined

to a single digital data exchange bus which can be properly buffered and
monitored.

o High failure detection capability is attainable by BIT and IFIM. Maneuvers,
l | large enough to enable detection of most passive-type sensor failures, will

occur during flight. Stimulation of sensors will permit detection of
passive-type failures during BIT.

2.12.2.7 Failure Detection for Two-Fail-Operational Capability

} Objective

The objective was to determine failure detection probabilities for the three
sound candidate configurations.

Conclusions ]

o Essentially two-fail-op performance of the redundant portion only can be
achieved on Configuration C (4-4-4) using cross-channel monitoring and
‘ force-summed actuators. No in-line monitoring would be used and the
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selection of one of two remainiag channels would be accomplished by an
arbitrary (heads-or-tails) selection of one of the two remaining channels
when the 3rd failure occurs. The arbitrary selection has a 0.5 probability
of selecting the one good channel and the probabilities for lst, 2nd, and
3rd failures will be:

o 1.0 fail-operational;
o 1.0 fail-operational;
o 0.5 fail-operational.

The fail-operational probabilities of the redundant portions of Configura-
tion A (3-3-3), with the coverage numbers given in Paragraph 2.12.2.1 above,
and using force-summed actuators to detect first failures and in-line
monitoring techniques to detect second failures, will be:

o 1.0 fail-operational;
o 0.944 fail-operational.

Configuration B (4-3-4) improves the fail-op probabilities of Configuration
A (3-3-3) only slightly. With perfect second-fault coverage of the sensors
and actuators the probabilities will be:

o 1.0 fail-operational;
o 0.965 fail-operational.

One hundred percent two-fail-op performance cannot be achieved using any
of the configurations due to the presence of non-redundant components,
€.g., surface actuators and control surfaces, and due to the lack of
perfect coverage. Therefore, one hundred percent two fail-op should not
be a specification requirement; instead, the requirements should be speci-
fied in terms of probability of loss of control. The calculation of
probability of loss of control should include the entire system and not
just the redundant portions. The calculation of probability of loss of
control will require knowledge of the probability of occurrence for all
single point failures as well as coverage at each level of redundancy.

A complete specification for probability of loss of control for a flight
control system could therefore be simply one requirement in terms of
failures per 10¥ hours for the entire system. The probability of loss of
control could also be specified in terms of channel failure rate, coverage
at each level of redundancy, and single point failures.

For any flight control system there will be trade-offs possible relative

to the cost of improving channel failure rate vs the cost of improving
coverage vs the elimination of single point failures. The specification of
both coverage and failure rate could lead to not achieving the lowest
practical probability of loss. Also, specifying both could lead to
implementing an approach that is less cost-effective than is possible. For
the above reasons it is recommended that the probability of loss of control
be specified in terms of one number for the entire flight control system.

(i.e. there shall be no more than y failures per 10¥ flight hours).
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2.12.2.8 Fault Detection and Isolation

Objective

The objective was to determine the significance of in-flight monitoring and

failure reporting to the level of a Line Replaceable Unit (LRU) or Weapons
Replaceable Assembly (WRA).

Conclusions

o A high level of coverage is essential to the redundant DFCS, as explained in
Paragraph 2.12.2.1 above. Coverage is defined as the probability of detect~
ing, isolating, and recovering from faults. Consequently, fault isolation to
the degree required to achieve high coverage is essential, and includes
isolating failed sensors and controllers, computers, and secondary actuators.

Fauit isolation to the LRU or WRA does not contribute to high fault cov<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>